12 United States Patent

Bajaj et al.

US011724562B2

US 11,724,362 B2
*Aug. 15, 2023

(10) Patent No.:
45) Date of Patent:

(54) POLISHING PADS PRODUCED BY AN
ADDITIVE MANUFACTURING PROCESS

(71) Applicant: Applied Materials, Inc., Santa Clara,
CA (US)

(72) Inventors: Rajeev Bajaj, Fremont, CA (US);
Daniel Redfield, Morgan Hill, CA
(US); Mahendra C. Orilall,
Downingtown, PA (US); Boyi Fu, San
Jose, CA (US); Aniruddh Jagdish
Khanna, Fremont, CA (US); Jason G.
Fung, Santa Clara, CA (US); Ashwin
Chockalingam, Santa Clara, CA (US);
Mayu Yamamura, San Mateo, CA

(US); Veera Raghava Reddy
Kakireddy, Santa Clara, CA (US);
Gregory E. Menk, Pleasanton, CA
(US); Nag B. Patibandla, Pleasanton,
CA (US)

(73) Assignee: APPLIED MATERIALS, INC., Santa
Clara, CA (US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 0 days.

This patent 1s subject to a terminal dis-
claimer.

(21)  Appl. No.: 17/114,633

(22) Filed: Dec. 8, 2020

(65) Prior Publication Data
US 2021/0107116 Al Apr. 15, 2021

Related U.S. Application Data

(63) Continuation of application No. 15/002,384, filed on
Jan. 20, 2016, now Pat. No. 10,875,153, which 1s a

(Continued)

(51) Imt. CI.
B24D 11/00 (2006.01)
B24D 11/04 (2006.01)
(Continued)
(52) U.S. CL
CPC ........... B24D 11/001 (2013.01); B24B 37/22
(2013.01); B24B 37/24 (2013.01); B24B 37/26
(2013.01);
(Continued)
(358) Field of Classification Search
CPC ........ B24B 37/22; B24B 37/24; B24B 37/26;

B24D 11/001; B24D 11/04; B24D 3/28;
B33Y 10/00; B33Y 70/00; B33Y 80/00

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5/1935 Wooddell et al.
12/1967 Kraft

(Continued)

2,001,911 A
3,357,598 A

FOREIGN PATENT DOCUMENTS

CN 1102800 A 5/1995
CN 1345264 A 4/2002
(Continued)

OTHER PUBLICATTONS

Tarwan Oflice Action dated Feb. 8, 2021, for Taiwan Patent Appli-
cation No. 109112154,

(Continued)

Primary Examiner — Shuangyi Abu Ali

(74) Attorney, Agent, or Firm — Patterson + Sheridan,
LLP

(57) ABSTRACT

Embodiments of the present disclosure relate to advanced
polishing pads with tunable chemical, material and struc-
tural properties, and new methods of manufacturing the
same. According to one or more embodiments of the dis-

(Continued)
216
B
208 214
| %

/r_-.zm




US 11,724,362 B2

Page 2

closure, 1t has been discovered that a polishing pad with
improved properties may be produced by an additive manu-
facturing process, such as a three-dimensional (3D) printing
process. Embodiments of the present disclosure thus may
provide an advanced polishing pad that has discrete features
and geometries, formed from at least two difierent matenals
that include functional polymers, functional oligomers, reac-
tive diluents, and curing agents. For example, the advanced
polishing pad may be formed from a plurality of polymeric
layers, by the automated sequential deposition of at least one
resin precursor composition followed by at least one curing,
step, wherein each layer may represent at least one polymer
composition, and/or regions of different compositions.
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POLISHING PADS PRODUCED BY AN
ADDITIVE MANUFACTURING PROCESS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/002,384, filed on Jan. 20, 2016, which 1s a
continuation-in-part of U.S. patent application Ser. No.
14/920,801, filed on Oct. 22, 2015, which 1s a continuation-
in-part of U.S. patent application Ser. No. 14/887,240, filed
on Oct. 19, 2015, now U.S. Pat. No. 10,821,573, 1ssued on
Nov. 3, 2020, which 1s a continuation-in-part of U.S. patent
application Ser. No. 14/885,930, filed on Oct. 16, 2013, now
U.S. Pat. No. 10,384,330, 1ssued on Aug. 20, 2019, which
are all incorporated herein by reference. The U.S. patent
application Ser. No. 14/887,240 and U.S. patent application
Ser. No. 14/885,950 both claim priority to U.S. Provisional
Patent Application Ser. No. 62/065,193, filed on Oct. 17,
2014 and U.S. Provisional Patent Application Ser. No.

62/065,270, filed on Oct. 17, 2014, which are also all
incorporated herein by reference.

BACKGROUND

Field

Embodiments disclosed herein generally relate to polish-
ing articles and methods for manufacturing polishing articles
used 1n polishing processes. More specifically, embodiments
disclosed herein relate to polishing pads produced by pro-
cesses that yield improved polishing pad properties and
performance, including tunable performance.

Description of the Related Art

Chemical mechanical polishing (CMP) 1s a conventional
process that has been used in many different industries to
planarize surfaces of substrates. In the semiconductor indus-
try, uniformity of polishing and planarization has become
increasingly important as device feature sizes continue to
decrease. During a CMP process, a substrate, such as a
silicon water, 1s mounted on a carrier head with the device
surface placed against a rotating polishing pad. The carrier
head provides a controllable load on the substrate to push the
device surface against the polishing pad. A polishing liquid,
such as slurry with abrasive particles, 1s typically supplied to
the surface of the moving polishing pad and polishing head.
The polishing pad and polishing head apply mechanical
energy to the substrate, while the pad also helps to control
the transport of slurry which interacts with the substrate
during the polishing process. Because polishing pads are
typically made from viscoelastic polymeric matenials, the
mechanical properties of a polishing pad (e.g., elasticity,
rebound, hardness, and stiflness), and the CMP processing,
conditions have a significant impact on the CMP polishing
performance on both an IC die level (microscopic/nanosco-
pic) and watler or global level (macroscopic). For example,
CMP process forces and conditions, such as pad compres-
sion, pad rebound, friction, and changes in temperature
during processing, and abrasive aqueous slurry chemistries
will impact polishing pad properties and thus CMP perfor-
mance.

Chemical mechanical polishing processes performed in a
polishing system will typically include multiple polishing
pads that perform different parts of the full polishing pro-
cess. The polishing system typically includes a first polish-
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2

ing pad that 1s disposed on a first platen, which produces a
first material removal rate and a first surface finish and a first
flatness on the surface of the substrate. The first polishing
step 1s typically known as a rough polish step, and 1s
generally performed at a high polishing rate. The system will
also typically include at least one additional polishing pad
that 1s disposed on at least an additional platen, which
produces a second material removal rate and a second
surface finish and flatness on the surface of the substrate.

The second polishing step 1s typically known as a fine polish
step, which 1s generally performed at a slower rate than the
rough polishing step. In some configurations, the system
may also include a third polishing pad that 1s disposed on a
third platen, which produces a third removal rate and a third
surface finish and flatness on the surface of the substrate.
The third polishing step 1s typically known as a material
clearing or buthng step. The multiple pad polishing process
can be used 1n a multi-step process in which the pads have
different polishing characteristics and the substrates are
subjected to progressively finer polishing or the polishing
characteristics are adjusted to compensate for different lay-
ers that are encountered during polishing, for example, metal
lines underlying an oxide surface.

During each of the CMP processing steps, a polishing pad
1s exposed to compression and rebound cycles, heating and
cooling cycles, and abrasive slurry chemistries. Eventually
the polishing pad becomes worn or “glazed” after polishing
a certain number of substrates, and then needs to be replaced
or reconditioned.

A conventional polishing pad is typically made by mold-
ing, casting or sintering polymeric materials that include
polyurethane materials. In the case of molding, polishing
pads can be made one at a time, e.g., by 1njection molding.
In the case of casting, the liquid precursor 1s cast and cured
into a cake, which 1s subsequently sliced into 1ndividual pad
pieces. These pad pieces can then be machined to a final
thickness. Pad surface features, including grooves which aid
in slurry transport, can be machined into the polishing
surface, or be formed as part of the injection molding
process. These methods of manufacturing polishing pads are
expensive and time consuming, and oiten yield non-uniform
polishing results due to the difliculties 1n the production and
control of the pad surface feature dimensions. Non-unifor-
mity has become increasingly important as the dimensions
of IC dies and features continue to shrink.

Current pad materials and methods to produce them limit
the manipulation and fine control bulk pad properties such as
storage modulus (E') and loss modulus (E"), which play
critical roles 1n pad performance. Therefore, uniform CMP
requires a pad material and surface features, such as grooves
and channels, with a predictable and finely controlled bal-
ance of storage modulus E' and loss modulus E", that are
further maintained over a CMP processing temperature
range, from, for example, about 30° C. to about 90° C.
Unfortunately, conventional pad production via traditional
bulk polymerization and casting and molding techniques
only provide a modicum of pad property (e.g., modulus)
control, because the pad 1s a random mixture of phase
separated macromolecular domains that are subject to intra-
molecular repulsive and attractive forces and variable poly-
mer chain entanglement. For example, the presence of phase
separated micro and macroscopic structural domains in the
bulk pad may yield an additive combination of non-linear
material responses, such as a hysteresis 1 the storage
modulus E' over multiple heating and cooling cycles that
typically occur during the CMP processing of batches of
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substrates, which may result polishing non-uniformities and
unpredictable performance across the batch of substrates.

Because of the drawbacks associated with conventional
polishing pads and their methods of manufacture, there 1s a
need for new polishing pad maternials and new methods of
manufacturing polishing pads that provide control of pad
feature geometry, and fine control of the pad’s material,
chemical and physical properties. Such improvements are
expected to yield improved polishing uniformity at both a
microscopic level and macroscopic level, such as over the
entire substrate.

SUMMARY

Embodiments of the disclosure may provide a polishing
pad having a polishing surtface that 1s configured to polish a
surface of a substrate, comprising a plurality of first polish-
ing elements that each comprise a plurality of first polymer
layers, wherein at least one of the plurality of first polymer
layers forms the polishing surface, and one or more second
polishing elements that each comprise a plurality of second
polymer layers, wherein at least a region of each of the one
or more second polishing elements 1s disposed between at
least one of the plurality of first polishing elements and a
supporting surface of the polishing pad. In some configu-
rations, the plurality of first polymer layers comprise a first
polymer composition and the plurality of second polymer
layers comprise a second polymer composition. The first
polymer composition may be formed from a first droplet
composition and the second polymer composition may be
formed from a second droplet composition. In some embodi-
ments, the second droplet composition may comprise a
greater amount of a resin precursor composition material
than the first droplet composition, and the resin precursor
composition material may have a glass transition tempera-
ture of less than or equal to about 40° C., such as less than
or equal to 30° C. In some embodiments, the first droplet
comprises a greater amount of oligomers and resin precursor
composition materials than the second droplet composition,
wherein the oligomers and resin precursor composition
materials have a functionality greater than or equal to two.
In some embodiments, the first droplet composition com-
prises oligomers and resin precursor composition materials
that have a functionality greater than or equal to two and the
second droplet composition comprises resin precursor com-
position materials that have a functionality less than or equal
to two.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that each comprise a plurality of first
polymer layers that comprise a first polymer material,
wherein at least one of the plurality of first polymer layers
forms the polishing surface, and a base region that 1is
disposed between at least one of the plurality of first
polishing elements and a supporting surface of the polishing
pad, wherein the base region comprises a plurality of layers
that each comprise a plurality of cured droplets of a first
resin precursor composition material and a plurality of cured
droplets of a second resin precursor composition material.

Embodiments of the disclosure may further provide a
method of forming a polishing article, comprising dispens-
ing a first droplet of a first liquid on a surface of a portion
of a polishing body, wherein the surface comprises a {first
material formed by curing an amount of the first liquid, and
exposing the dispensed first droplet of the first liquid to
clectromagnetic radiation for a first period of time to only

5

10

15

20

25

30

35

40

45

50

55

60

65

4

partially cure the matenal within the first droplet, wherein
exposing the dispensed first droplet of the first liquid occurs
alter a second period of time has elapsed, and the second
time starts when the first droplet 1s disposed on the surface.
The first droplet may comprises a urethane acrylate, a
surface cure photoinitiator and a bulk cure photoinitiator,
wherein the bulk cure photoimitiator comprises a material
selected from a group consisting ol benzoin ethers, benzyl
ketals, acetyl phenones, alkyl phenones, and phosphine
oxides, and the surface cure photomnitiator comprises a
material selected from a group consisting of benzophenone
compounds and thioxanthone compounds.

Embodiments of the disclosure may further provide a
method of forming a polishing article, comprising dispens-
ing an amount of a first liquid on a surface of a portion of
a polishing body, where the surface comprises a first mate-
rial formed by curing an amount of the first liquid and
exposing the dispensed first amount of the first liquid to
clectromagnetic radiation generated from a source for a first
period of time to only partially cure the first amount of the
first liquid, and exposing the dispensed first amount of the
first liquid occurs after a second period of time has elapsed.
The method may also include dispensing an amount of a
second liquid on the surface of the portion of the polishing
body, wherein the amount of the second liquid 1s positioned
adjacent to the amount of the first liquid, and exposing the
dispensed amount of the second liquid to electromagnetic
radiation generated from the source for a third period of time
to only partially cure the amount of the second liquid,
wherein the amount of first liquid and the amount of second
liguid are simultaneously exposed to the electromagnetic
radiation generated from the source.

Embodiments of the disclosure may further provide a
method of forming a polishing pad, comprising forming a
plurality of layers over a surface, where forming the plural-
ity of layers comprises depositing an amount of a {first
composition over one or more regions of a surface, depos-
iting an amount of a second composition over one or more
second regions of the surface, wherein the one or more first
regions and the one or more second regions form a continu-
ous portion of each of the plurality of layers, and exposing
the one or more first regions and the one or more second
regions to electromagnetic radiation generated from a source
for a first period of time to only partially cure a portion of
the dispensed amounts of the first composition and the
dispensed amounts of the second composition.

Embodiments of the disclosure may further provide a
method of forming a polishing article, comprising forming
a plurality of urethane acrylate polymer layers, wherein
forming the plurality of urethane acrylate polymer layers
comprises mixing a {irst amount of a first multifunctional
urethane acrylate oligomer, a first amount of a first mono or
multifunctional acrylate monomer and a first amount of a
first curing agent to form a first precursor formulation that
has a first viscosity that enables the first precursor formu-
lation to be dispensed using an additive manufacturing
process, mixing a second amount of the first multifunctional
urethane acrylate oligomer, a second amount of the first
mono or multifunctional acrylate monomer and a second
amount of the first curing agent to form a second precursor
formulation that has a second viscosity that enables the
second precursor formulation to be dispensed using an
additive manufacturing process, dispensing the first precur-
sor formulation on a first region of a surface by use of the
additive manufacturing process, dispensing the second pre-
cursor formulation on a second region of the surface by use
of the additive manufacturing process, and exposing the
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dispensed first amount of the first precursor formulation and
the dispensed first amount of the second precursor formu-
lation to electromagnetic radiation for a first period of time
to only partially cure the first amount of the first precursor
formulation and the first amount of the second precursor
formulation.

Embodiments of the disclosure may further provide a
method of forming a polishing article, comprising forming,
a plurality of urethane acrylate polymer layers, wherein
forming the plurality of urethane acrylate polymer layers
comprises dispensing a plurality of droplets of a first pre-
cursor formulation 1n a first pattern across a surface of a
polishing body that comprises a first material composition,
wherein the first precursor formulation comprises a first
multifunctional urethane acrylate oligomer, a first amount of
a first multifunctional acrylate precursor and a first amount
of a first curing agent, dispensing a plurality of droplets of
a second precursor formulation 1n a second pattern across
the surface of the polishing body, wherein the second
precursor formulation comprises the first multifunctional
urethane acrylate oligomer and/or the first multifunctional
acrylate precursor, and exposing the dispensed droplets of
the first precursor formulation and the dispensed droplets of
the second precursor formulation to electromagnetic radia-
tion for a first period of time to only partially cure the
droplets of the first precursor formulation and the droplets of
the second precursor formulation.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that each comprise a plurality of first
polymer layers that comprise a first polymer material,
wherein at least one of the plurality of first polymer layers
forms the polishing surface, and a base region that is
disposed between at least one of the plurality of first
polishing elements and a supporting surface of the polishing,
pad. The base region may comprise a plurality of layers that
cach comprise a plurality of cured droplets of the first
polymer material and a plurality of cured droplets of a
second polymer matenal, and wherein the first polymer
material has a first E'30/E'90 ratio that 1s greater than 6. In
some cases, the second polymer material may also have a
second E'30/E'90 ratio that 1s greater than 6, and the first
E'30/E'90 ratio and the second E'30/E'90 ratio are different.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that each comprise a plurality of first
polymer layers that comprise a first polymer material,
wherein at least one of the plurality of first polymer layers
forms the polishing surface, and a base region that is
disposed between at least one of the plurality of first
polishing elements and a supporting surface of the polishing,
pad, wherein the base region comprises a plurality of layers
that each comprise a plurality of cured droplets of the first
polymer material and a plurality of cured droplets of a
second polymer material. The first polymer material may
have a first storage modulus and the second polymer mate-
rial may have a second storage modulus, wherein the first
storage modulus 1s greater than the second storage modulus,
and the base region comprises a greater volume percent of
the second polymer material versus the first polymer mate-
rial.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that are disposed 1n a pattern relative
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to the polishing surface, wherein each first polishing element
comprises a plurality of first polymer layers that comprise a

first polymer material, and at least one of the plurality of first
polymer layers 1n each of the first polishing elements forms
a portion of the polishing surface, and a base region that 1s
disposed between each of the plurality of first polishing
clements and a supporting surface of the polishing pad, and
the base region comprises a second polymer material. The
first polymer material may have a first E'30/E'90 ratio and
the second polymer material may have a second E30/E'90
ratio that 1s diflerent from the first E'30/E'90 ratio.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that are disposed 1n a pattern relative
to the polishing surface, wherein each first polishing element
comprises a plurality of first polymer layers that comprise a
first polymer material, and at least one of the plurality of first
polymer layers 1n each of the first polishing elements forms
a portion of the polishing surface, and a base region that 1s
disposed between each of the plurality of first polishing
clements and a supporting surface of the polishing pad, and
the base region comprises a second polymer material. The
first polymer material may have a first tan delta and the
second polymer material may have a second tan delta that 1s
different from the first tan delta. The first polymer material
in the polishing pad may also include a first E'30/E'90 ratio
and the second polymer material 1n the polishing pad may
also a second E'30/E'90 ratio that 1s different from the first
E'30/E'90 ratio, and at least a region of the formed polishing
pad has a third E'30/E'90 ratio that 1s different from the first
and second E'30/E'90 ratios when measured by loading the
region of the polishing pad in a direction normal to the
polishing surface. The region of the polishing pad may
generally include a subset of the plurality of the first
polishing elements (e.g., multiple first polishing elements)
and a portion of the base region that 1s disposed between
cach of the first polishing elements 1n the subset of the first
polishing elements and the supporting surface.

Embodiments of the disclosure may further provide a
polishing pad having a polishing surface that 1s configured
to polish a surface of a substrate, comprising a plurality of
first polishing elements that each comprise a plurality of first
polymer layers that comprise a first polymer material,
wherein at least one of the plurality of first polymer layers
forms the polishing surface, and each of the first polymer
layers of the first polymer material comprises a plurality of
cured droplets of a first droplet composition, and a base
region that 1s disposed between each of the plurality of first
polishing elements and a supporting surface of the polishing
pad, wherein the base region comprises a plurality of layers
that each comprise a plurality of cured droplets of the first
polymer composition and a plurality of cured droplets of a
second droplet composition. The {first polymer material 1n
the polishing pad may have a first storage modulus and the
second polymer material may have a second storage modu-
lus, wherein the first storage modulus 1s greater than the
second storage modulus, and the base region comprises a
greater volume percent of the second polymer material
versus the first polymer materal.

BRIEF DESCRIPTION OF THE

DRAWINGS

So that the manner 1n which the above recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, briefly summarized
above, may be had by reference to embodiments, some of
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which are 1llustrated in the appended drawings. It 1s to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of 1ts scope, for the disclosure may
admuit to other equally effective embodiments.

FIG. 1A 1s a schematic sectional view of a polishing
station.

FIGS. 1B-1F are schematic sectional views of a portion of
a polishing head and polishing pad configuration that are
positioned 1n the polishing station illustrated 1n FIG. 1A.

FIGS. 1F-1G 15 a schematic sectional view of a portion of
a polishing head and polishing pad configuration that are
positioned in the polishing station illustrated 1 FIG. 1A,
according to an embodiment of the present disclosure.

FIG. 1H 1s a schematic sectional view of a portion of a
substrate that 1s being polished using the polishing station
configuration 1illustrated 1n FIGS. 1B-1C.

FIG. 11 1s a schematic sectional view of a portion of a
substrate that 1s being polished using the polishing station
configuration 1illustrated 1n FIGS. 1D-1FE.

FIG. 1] 1s a schematic sectional view of a portion of a
substrate that 1s being polished using the polishing station
configuration 1illustrated in FIGS. 1F-1G, according to an
embodiment of the present disclosure.

FIG. 2A 1s a schematic 1sometric and cross-sectional view
of a polishing pad according to an embodiment of the
present disclosure.

FIG. 2B 1s a schematic partial top view of a polishing pad
according to an embodiment of the present disclosure.

FI1G. 2C 1s a schematic 1sometric and cross-sectional view
of a polishing pad according to an embodiment of the
present disclosure.

FIG. 2D 1s a schematic side cross-sectional view of a
portion of a polishing pad according to an embodiment of
the present disclosure.

FIG. 2E 1s a schematic side cross-sectional view of a
portion of a polishing pad according to an embodiment of
the present disclosure.

FIGS. 2F-2K are top views of polishing pad designs
according to embodiments of the present disclosure.

FIG. 3A 1s a schematic view of a system for manufactur-
ing advanced polishing pads, according to an embodiment of
the present disclosure.

FIG. 3B 1s a schematic view of a portion of the system
illustrated 1 FIG. 3A, according to an embodiment of the
present disclosure.

FIG. 3C 1s a schematic view of a dispensed droplet
disposed on a surface of a region of the advanced polishing
pad 1llustrated 1n FIG. 3B, according to an embodiment of
the present disclosure.

FIGS. 4A-4D are top views of pixel charts used to form
an advanced polishing pad, according to at least one embodi-
ment of the present disclosure.

FIG. 4E 1s a schematic top view of a web or roll-to-roll
type polishing pad, according to an embodiment of the
present disclosure.

FIG. 4F 1s a schematic side cross-sectional view of a
portion of a polishing pad, according to an embodiment of
the present disclosure.

FIG. 5A illustrates a plot of tan delta versus temperature
for various materials and an advanced polishing pad, accord-
ing to an embodiment of the present disclosure.

FIG. 5B illustrates a plot of stress versus strain for
materials that can be used 1n an advanced polishing pad,
according to an embodiment of the present disclosure.

FI1G. 5C 1llustrates a plot of the change in storage modulus
versus temperature for pad materials that are subjected to

10

15

20

25

30

35

40

45

50

55

60

65

8

cyclical processing in polishing system, according to an
embodiment of the present disclosure.

FIG. 6 1s a schematic side cross-sectional view of a
portion of a polishing pad according to an embodiment of
the present disclosure.

FIG. 7 1s a schematic side cross-sectional view of a
polishing pad having a transparent region formed therein,
according to an embodiment of the present disclosure.

FIG. 8 1s a schematic perspective sectional view of a
polishing pad including a supporting foam layer, according
to an embodiment of the present disclosure.

FIG. 9A 1llustrates a plot of tan delta versus temperature
for various materials and an advanced polishing pad, accord-
ing to an embodiment of the present disclosure.

FIGS. 9B-9C are each schematic side cross-sectional
views of portions of an advanced polishing pad, according
to an embodiment of the present disclosure.

To facilitate understanding, common words have been
used, where possible, to designate 1dentical elements that are
common to the figures. It 1s contemplated that elements
disclosed 1n one embodiment may be beneficially utilized on
other embodiments without specific recitation.

DETAILED DESCRIPTION

The present disclosure relates to advanced polishing pads
with tunable chemical, material and structural properties,
and new methods of manufacturing the same. According to
one or more embodiments of the disclosure, 1t has been
discovered that a polishing pad with improved properties
may be produced by an additive manufacturing process,
such as a three-dimensional (3D) printing process. Embodi-
ments of the present disclosure provide an advanced pol-
1shing pad that has discrete features and geometries, formed
from at least two diflerent materials that are formed from
precursors, or resin precursor compositions, that contain
“resin precursor components” that include, but are not
restricted to functional polymers, functional oligomers,
monomers, reactive diluents, tlow additives, curing agents,
photoinitiators, and cure synergists. The resin precursor
components may also include chemically active matenals
and/or compounds such as functional polymers, functional
oligomers, monomers, and reactive diluents that may be at
least monofunctional, and may undergo polymerization
when exposed to Iree radicals, Lewis acids, and/or electro-
magnetic radiation. As one example, an advanced polishing
pad may be formed from a plurality of polymeric layers, by
the automated sequential deposition of at least one resin
precursor composition followed by at least one curing step,
wherein each layer may represent at least one polymer
composition, and/or regions of different compositions. In
some embodiments, the layers and/or regions of the
advanced polishing pad may include a composite material
structure, such as a radiation cured polymer that contains at
least one filler, such as metals, semimetal oxides, carbides,
nitrides and/or polymer particles. In some embodiments, the
fillers may be used to increase abrasion resistance, reduce
friction, resist wear, enhance crosslinking and/or thermal
conductivity of the entire pad, or certain regions of the pad.
Theretfore, the advanced polishing pad, including the pad
body and discrete features produced over, upon, and within
the pad body, may be formed simultaneously from a plural-
ity of different materials and/or compositions of materials,
thus enabling micron scale control of the pad architecture
and properties.

Moreover, a polishing pad 1s provided that includes
desirable pad polishing properties over the complete polish-
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ing process range. Typical polishing pad properties include
both static and dynamic properties of the polishing pad,
which are aflected by the individual materials within the
polishing pad and the composite properties of the complete
polishing pad structure. An advanced polishing pad may
include regions that contain a plurality of discrete materials
and/or regions that contain gradients 1n material composition
in one or more directions within the formed polishing pad.
Examples of some of the mechanical properties that can be
adjusted to form an advance polishing pad that has desirable
polishing performance over the polishing process range
include, but are not limited to storage modulus E', loss
modulus E", hardness, vield strength, ultimate tensile
strength, elongation, thermal conductivity, zeta potential,
mass density, surface tension, Poison’s ratio, fracture tough-
ness, surface roughness (R ) and other related properties.
Examples of some of the dynamic properties that can be
adjusted within an advanced polishing pad may include, but
are not limited to tan delta (tan 9), storage modulus ratio (or
E'30/E'90 ratio) and other related parameters, such as the
energy loss factor (KEL). The energy loss factor (KEL) 1s
related to the elastic rebound and dampening effect of a pad
material. KEL may be defined by the followmg equation:

KEL=tan 6*1012/[ﬁ'*(1+(tan 8)%)], where E' is in Pascals.

The KEL 1s typically measured using the method of
Dynamic Mechanical Analysis (DMA) at a temperature of
40° C., and frequency of 1 or 1.6 hertz (Hz). Unless specified
otherwise, the storage modulus E', the E'30/E'90 ratio and
the percent recovery measurements provided herein were
performed using a DMA testing process that was performed
at a frequency of about 1 hertz (Hz) and a temperature ramp
rate of about 5° C./min. By controlling one or more of the
pad properties, an improved the polishing process perfor-
mance, improved polishing pad lifetime and improved pol-
ishing process repeatability can be achieved. Examples of
pad configurations that exhibit one or more these properties
are discussed further below 1n conjunction with one or more
the embodiments discussed herein.

As will be discussed more detail below, storage modulus
E', 1s an important factor in assuring that the polishing
results are uniform across a substrate, and thus 1s a useful
metric for polishing pad performance. Storage modulus E' 1s
typically calculated by dividing an applied tensile stress by
the extensional strain in the elastic linear portion of the
stress-strain curve (e.g., slope, or Ay/Ax). Similarly, the ratio
ol viscous stress to viscous strain 1s used to define the loss
modulus E". It 1s noted that both storage modulus E' and loss
modulus E" are intrinsic material properties, that result from
the chemical bonding within a material, both intermolecular
and 1ntramolecular. Storage modulus may be measured at a
desired temperature using a material testing technique, such
as dynamic mechanical analysis (DMA) (e.g., ASTM
D40635, D4440, and D5279). When comparing properties of
different materials 1t 1s typical to measure the storage modu-
lus E' of the material at a single temperature, 1n a range
between 25° C. and 40° C., such as 40° C.

Another relevant metric in polishing pad performance and
uniformity i1s the measure of the dampening ability of a
material, such as the compression and rebound dampening
properties of a polishing pad. A common way to measure
dampening 1s to calculate the tan delta (tan 0) of a material
at a desired temperature, where tan 6=loss modulus/storage
modulus=E"/E'. When comparing properties of diflerent
materials 1t 1s typical to compare the tan 6 measurements for
materials at a single temperature, such as 40° C. Unless
specified otherwise, the tan 6 measurements provided herein
were performed using a DMA testing process that was
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performed at a frequency of 1 hertz (Hz) and a temperature
ramp rate of about 5° C./min. Tan 0 1s generally a measure

of how “viscous” chemical structures 1n a material respond
(e.g., bond rotation, polymer chain slippage and movement)
to an applied cyclic stramn 1n comparison to spring-like
elastic chemical structures 1n the material, such as flexible
and coiled aliphatic polymer chains that revert to a preferred
low energy conformation and structure when a force 1is
released. For example, the less elastic a matenial 1s, when a
cyclic load 1s applied, the response of the viscous molecular
segments of the material will lag behind the elastic molecu-
lar segments of the maternial (phase shift) and heat 1s gen-
crated. The heat generated 1n a polishing pad during pro-
cessing of substrates may have an eflect on the polishing
process results (e.g., polishing unmiformity), and thus should
be controlled and/or compensated for by judicious choice of
pad materials.

The hardness of the materials 1n a polishing pad plays a
role 1n the polishing uniformity results found on a substrate
alter polishing and the rate of material removal. Hardness of
a material, also often measured using a Rockwell, Ball or
Shore hardness scale, measures a materials resistance
toward indentation and provides an empirical hardness
value, and may track or increase with increasing storage
modulus E'. Pad materials are typically measured using a
Shore hardness scale, which is typically measured using the
ASTM D2240 technique. Typically, pad material hardness
properties are measured on either a Shore A or Shore D
scale, which 1s commonly used for soiter or low storage
modulus E' polymeric matenals, such as polyolefins. Rock-
well hardness (e.g., ASTM D785) testing may also be used
to test the hardness of “hard” rigid engineering polymeric
materials, such as a thermoplastic and thermoset materials.

Polishing Pad Apparatus and Polishing Methods

FIG. 1A 1s a schematic sectional view of a polishing
station 100 that may be positioned within a larger chemical
mechanical polishing (CMP) system that contains multiple
polishing stations 100. The polishing station 100 1ncludes a
platen 102. The platen 102 may rotate about a central axis
104. A polishing pad 106 may be placed on the platen 102.
Typically, the polishing pad 106 covers an upper surface of
the platen 102 whaich 1s at least one to two times larger than
the size of the substrate 110 (e.g., substrate diameter) that 1s
to be processed 1n the polishing station 100. In one example,
the polishing pad 106 and platen 102 are between about 6
inches (150 mm) and about 40 inches (1,016 mm) 1n
diameter. The polishing pad 106 includes a polishing surface
112 configured to contact and process one or more substrates
110 and a supporting surface 103 that i1s positioned over a
surface of the platen 102. The platen 102 supports the
polishing pad 106 and rotates the polishing pad 106 during
polishing. A carrier head 108 holds a substrate 110 against
the polishing surface 112 of the polishing pad 106. The
carrier head 108 typically includes a tlexible diaphragm 111
that 1s used to urge the substrate 110 against the polishing
pad 106 and a carrier ring 109 that 1s used to correct for an
inherently non-uniform pressure distribution found across
the substrate’s surface during the polishing process. The
carrier head 108 may rotate about a central axis 114 and/or
move 1n a sweeping motion to generate relative motions
between the substrate 110 and the polishing pad 106.

A delivery arm 118 delivers a polishing fluid 116, such as
an abrasive slurry, 1s supplied to the polishing surface 112
during polishing. The polishing liquid 116 may contain
abrasive particles, a pH adjuster and/or chemically active
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components to enable chemical mechanical polishing of the
substrate. The slurry chemistry of 116 1s designed to polish
waler surfaces and/or features that may include metals,
metal oxides, and semimetal oxides. The polishing station
100 also typically includes a pad conditioning assembly 120
that includes a conditioning arm 122 and actuators 124 and
126 that are configured to cause a pad conditioning disk 128
(e.g., diamond impregnated disk) to be urged against and
sweep across the polishing surface 112 at different times
during the polishing process cycle to abrade and rejuvenate
the surface 112 of the polishing pad 106.

FIGS. 1B-1C are schematic sectional views of a portion
of the polishing head 108 and a conventional “hard” or high
storage modulus E' modulus polishing pad 106A that are
positioned in the polishing station 100. FIGS. 1D-1E are
schematic sectional views of a portion of the polishing head
108 and a conventional soft or low storage modulus FE'
polishing pad 106B that are positioned in the pohshmg
station 100. FIGS. 1F-1G are schematic sectional views of
a portion of the polishing head 108 and one embodiment of
an advanced polishuing pad 200, which 1s described further
below, that are positioned 1n the polishing station 100. For
clanity, the flexible diaphragm 111 and upper part of the
carrier head 108 have been left out of FIGS. 1B-1G. During
operation the flexible diaphragm 111 (FIG. 1A) 1s positioned
to urge the substrate 110 against the polishing pad 106A,
1068 or an advanced polishing pad 200, and a carrier head
actuator (not shown) that 1s coupled to a mounting portion
(not shown) of the carrier head 108 1s configured to sepa-
rately urge the carrier head 108 and the retaining ring 109
against the surface of the polishing pad 106A, 106B or
advanced polishing pad 200. As shown 1n FIGS. 1C, 1F and
1F, the flexible diaphragm 111 1s configured to apply a
pressure to the backside of the substrate 110, which 1s
illustrated by the applied force F,, and the carrier head
actuator 1s configured to apply a force F, to the retaining ring
109.

FIG. 1B illustrates a portion of an edge of a substrate 110
that 1s positioned within the carrier head 108 and over a
portion of a conventional “hard” or high storage modulus E'
polishing pad 106A before the polishing process 1s per-
formed on the substrate 110. The substrate 110 includes a
layer 110A that has one or more device features 110B (FIG.
1H) that are to be removed and/or planarized during the
subsequent CMP process. FIG. 1C illustrates the substrate
110 during a polishing process using the conventional
“hard” polishing pad 106 A illustrated in FIG. 1B. It has been
found that CMP processes that use “hard” polishing pads
tend to have non-uniform planarization results due to edge
ellects found at the edge of substrate 110 that specifically
relate to the need to apply a force F, to the retaining ring 109
to compensate for a larger inherent polishing non-uniformity
tound at the edge of the substrate 110 during a CMP process.
In other words, the high storage modulus E', rigid or hard
nature of the material used to form the “hard” polishing pad
causes a pad rebound or ridge 107A to be formed when the
force F, 1s applied by the retaining ring 109 to the “hard”
polishing pad 106A. The formation of the rnidge 107A 1s
generally related to the deformation 107B of the “hard”
polishing pad 106A due to the applied force F,, which
causes the edge of the substrate 110 to polish faster than the
center of the substrate 110. The higher polishing rate at the
edge of the substrate 110 leads to a “global” CMP planar-
ization non-uniformity (e.g., across the substrate non-uni-
formaity).

FIG. 1H 1s a schematic sectional view of a portion of the
substrate 110 that 1s being polished using the conventional
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“hard” polishing pad 106A. As shown, the substrate 110
includes a plurality of features 1106 that are formed within
the layer 110A, and are removed and/or planarized during
the CMP process. In this example, the high storage modulus
E', ngid and/or hard nature of the material used to form the
“hard” polishing pad 106A will not allow 1t to significantly
deform on a microscopic scale (e.g., 10 nm-1000 nm feature
pitch) when the force F, 1s applied by the flexible diaphragm
111 to the substrate 110. In this case, the “hard” polishing
pad 106A will generally deliver an acceptable amount of
planarization and planarization efliciency on a microscopic
scale, but achieve poor global planarization results for the
reasons discussed above.

FIG. 1D illustrates a portion of an edge of a substrate 110
that 1s positioned within the carrier head 108 and over a
portion of a conventional soft or low storage modulus E'
polishing pad 106B before the polishing process 1s per-
formed on the substrate 110. The substrate 110 includes a
layer 110A that has one or more device features 1106 (FIG.
11) that are to be removed and planarized during the sub-
sequent CMP process. FIG. 1E illustrates the substrate 110
during a polishing process using the conventional soit or low
storage modulus E' polishing pad 106B illustrated 1n FIG.
1D. It has been found that CMP processes that use soit or
low storage modulus E' polishing pads tend to have non-
uniform planarization results due to the relative ease that a
soit or low storage modulus E' polishing pad deforms under
the applied force F, generated by the retaining ring 109 and
the applied force F, generated by the tlexible diaphragm 111
during a CMP process. In other words, the sofit, flexible and
low storage modulus E' nature of the material used to form
the soft or low storage modulus E' polishing pad 106B
allows the effect that the force F, supplied by the retaining
ring 109, to be minmimized, which improves the ability of the
pad to compensate for retaining ring downtorce 109. This
compressive response of the low elastic modulus material
allows for quick recover of retaining ring compression and
a more consistent polishing rate seen between the center and
edge of a substrate during the polishing process. Therefore,
the use of a soit or low storage modulus E' polishing pad will
lead to more global CMP planarization uniformity.

FIG. 11 1s a schematic sectional view of a portion of a
substrate that 1s being polished using the conventional soft
or low storage modulus E' polishing pad 106B. In this
example, the flexible or soft or low storage modulus E'
nature of the material used to form the soft or low storage
modulus E' polishing pad 106B allows the material to
deform on a microscopic scale (e.g., 10 nm-1000 nm feature
pitch) when the force I, 1s applied by the flexible diaphragm
111 to the substrate 110. As shown in FIG. 11, the material
in the soft or low storage modulus E' polishing pad 1068 1is
able to deform and subsequently contact and polish regions
of the layer 110 A between the device features 1106. The act
of simultaneously polishing the tops of the features 1106 and
portions of the regions between the features 1106 will create
planarization non-uniformities and other planarization prob-
lems. In this case, the soft or low storage modulus E
polishing pad 1068 will generally deliver an acceptable
amount of global planarization, but achieve a poor planar-
ization elliciency and provide poor dishing results. Low
storage modulus containing polishing pads provide the ben-
efit on the microscopic scale of improved scratch perfor-
mance as they allow hard defects, which can be disposed
between the pad surface and the surface of the substrate, to
be compressed and/or received within the pad matrix rather
than forced against the substrate surface by a higher storage
modulus material.
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Advanced Polishing Pads

Embodiments of the present disclosure generally provide
advanced polishing pads 200 that can be formed by use of
an additive manufacturing process. The advanced polishing
pads have a pad body that typically includes discrete fea-
tures or regions that are formed from at least two diflerent
material compositions. FIGS. 1F-1G are schematic sectional
views of a portion of the polishing head 108 and a pad body
202 of an advanced polishing pad 200 that are positioned 1n
the polishing station 100. In general, 1t 1s desirable to form
an advanced polishing pad 200 that 1s configured such that
the load apphed during the polishing process 1s distributed
through regions of the polishing body 202 that include two
or more material compositions to improve the advanced
pad’s mechanical, structural, and/or dynamic properties. In
one embodiment, the pad body 202 may include a least a first
polishing element 204 that 1s formed from a first storage
modulus E' material (e.g., high storage modulus E' material),
and a second polishing element 206 that may be formed
from a second storage modulus E' material (e.g., medium or

low storage modulus E' material). In one configuration, a

height 150 of the first polishing clement(s) 204 from the
supporting surface 203 1s higher than a height 151 of the
second polishing element(s) 206 so that upper surfaces 208
of the first polishing element 204 protrude above the second
polishing element(s) 206. In one example, as shown 1n FIG.
1G, the force F, 1s delivered by the flexible diaphragm 111
through the first polishing elements 204 to the second
polishing element 206 that 1s supported by a supporting
member, such as the platen 102 shown 1n FIG. 1A, so as to
form an advanced polishing pad that has desired mechanical
and dynamic properties that are a combination ol materials
in each of the polishing elements. By separating the higher
storage modulus type polishing features from a low storage
modulus type supporting feature the advanced polishing pad
offers the benefit of improved global planarity, while main-
taining the benefit of improved die and array level planarity
offered by a higher storage modulus top pad.

FIG. 1] 1s a schematic sectional view of a portion of a
substrate 110 that 1s being polished using an advanced
polishing pad 200, according to an embodiment of the
present disclosure. As illustrated mm FIG. 1J, 1n some
embodiments, a first polishing element 204 within the pol-
1shing body 202 1s formed such that 1t 1s large enough to span
the distance of at least two or more device features 1106
(e.g., mntegrated circuit devices) that are formed on a surface
of the substrate 110. In some embodiments, one or more of
the first polishing elements 204 are sized such that they are
smaller than the major dimension of the substrate (e.g.,
radius of a circular substrate), but larger than the smallest
device feature size found on a substrate 110. In some
embodiments, a plurality of the first polishing elements 204
cach have a lateral dimension 208L, which 1s parallel to the
polishing surface, that 1s between about 250 micrometers
and about 3 mm 1n size. In one example, where the first
polishing elements 204 have a circular, square, rectangular,
or triangular cross-section at the polishing surface 208, the
lateral dimension (e.g., length 208L) can be the diameter or
leg of the square, rectangle, or triangle, respectively, of the
first polishing element 204. In another example, where the
first polishing elements 204 are toroid shaped or arc shaped
at the polishing surface 208, the lateral dimension (e.g.,
width 214) can be the thickness of the toroid or arc when
measured along 1ts radius, or even the outer diameter of the
toroid 1n some cases. The combination of the first polishing
clements 204 and the one or more second polishing elements
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206 can thus be used to adjust the advanced polishing pad
properties and performance to improve the results of a
polishing process performed on a substrate using the
advanced polishing pad, as further discussed below.

In some embodiments, the advanced polishing pad 200
may contain at least one high storage modulus E', medium
storage modulus E', and/or low storage modulus E' polishing
clement, and/or chemical structural feature. For example, a
high storage modulus E' material composition may be at
least one, or a mixture of, chemical groups and/or structural
features 1ncluding aromatic ring(s) and some aliphatic
chains. In some cases, the high storage modulus E' matenals
have a crosslinking density greater than 2%. The high
storage modulus E' compositions may be the most rigid
clement 1 an advanced polishing pad and have a high
hardness value, and display the least elongation. Medium
storage modulus E' compositions may contain a mixture of
aromatic rings, crosslinking, but may contain a greater
content of aliphatic chains, ether segments, and/or polyure-
thane segments, than high storage modulus E' compositions.
The medium storage modulus E' compositions may have

intermediate rigidity, hardness, and display a larger amount
of elongation than the high storage modulus E' materials.
Low storage modulus E' compositions may contain aliphatic
chains, ether segments, and/or polyurethane segments, with
minimal or no contribution from aromatic rings or Cross-
linking. The low storage modulus E' compositions may be
flexible, soft, and/or rubber-like.

Materials having desirable low, medium, and/or high
storage modulus E' properties at temperatures of 30° C.
(E'30) are summarized 1n Table 1:

TABLE 1

Medium Modulus
Compositions

Low Modulus
Compositions

High Modulus
Compositions

E'30 5 MPa-100 MPa 100 MPa-500 MPa 500 MPa-3000 MPa

In one embodiment, and referring to Table 1, the polishing,
pad body 202 may be formed from at least one viscoelastic
matenals having different storage moduli E' and/or loss
moduli E". As a result, the pad body may include a first
material or a first composition of materials that have a first
storage modulus E' and loss modulus E", and a second
material or a second composition of materials that have a
second storage modulus E' and loss modulus E" that 1s
different than the first storage modulus E' and loss modulus
E". In some embodiments, polishing pad surface features
may include a plurality of features with one or more form
factors or dimensions, and be a mixture of features that have
different mechanical, thermal, interfacial and chemical prop-
erties. For example, the pad surface features, such as chan-
nels, grooves and/or protuberances, disposed over, upon,
and within the pad body, may include both higher storage
modulus E' properties derived from a first material or a first
composition of materials and some lower storage modulus E'
properties derived from a second material or a second
composition ol materials that are more elastic than the first
material or the first composition of materials.

The term advanced polishing pad 200 as used herein 1s
intended to broadly describe an advanced polishing pad that
contains one or more of the attributes, materials, features
and/or properties that are discussed above and further below.
Specific configurations of advanced polishing pads are dis-
cussed 1n conjunction with the examples illustrated in FIGS.

2A-2K. Unless otherwise specified, the terms first polishing
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clement(s) 204 and the second polishing element(s) 206 are
intended to broadly describe portions, regions and/or fea-

tures within the polishing body of the advanced polishing
pad 200. The specific examples of diflerent advanced pol-
ishing pad configurations, shown in FIGS. 2A-2K, are not 5
intended to be limiting as to the scope of the disclosure
provided herein, since other similar configurations may be
formed by use of the one or more of the additive manufac-
turing processes described herein.

The advanced polishing pads may be formed by a layer by 10
layer automated sequential deposition of at least one resin
precursor composition followed by at least one curing step,
wherein each layer may represent at least one polymer
composition, and/or regions of different compositions. The
compositions may include functional polymers, functional 15
oligomers, reactive diluents, and curing agents. The func-
tional polymers may include multifunctional acrylate pre-
cursor components. To form a plurality of solid polymeric
layers, one or more curing steps may be used, such as
exposure ol one or more compositions to UV radiation 20
and/or thermal energy. In this fashion, an entire polishing
pad may be formed from a plurality of polymeric layers by
3D printing. A thickness of the cured layer may be from
about 0.1 micron to about 1 mm, such as 5 micron to about
100 microns, and such as 25 microns to about 30 microns. 25

Polishing pads according to the present disclosure may
have differing mechanical properties, such as storage modu-
lus E' and loss modulus E", across the pad body 202, as
reflected by at least one compositional gradient from pol-
ishing element to polishing element. Mechamical properties 30
across the polishing pad 200 may be symmetric or non-
symmetric, umiform or non-uniform to achieve target pol-
1shing pad properties, which may include static mechanical
properties, dynamic mechanical properties and wear prop-
erties. The patterns of either of the polishing elements 204, 35
206 across the pad body 202 may be radial, concentric,
rectangular, spiral, fractal or random according to achieve
target properties including storage modulus E' and loss
modulus E", across the polishing pad. Advantageously, the
3D printing process enables specific placement of material 40
compositions with desired properties in specific pad areas of
the pad, or over larger areas of the pad so the properties are
combined and represent a greater average ol properties or a

“composite” of the properties.

45
Advanced Polishing Pad Configuration Examples

FIG. 2A 1s a schematic perspective sectional view of an
advanced polishing pad 200a according to one embodiment
of the present disclosure. One or more first polishing ele- 50
ments 204a may formed in alternating concentric rings that
are coupled to one or more second polishing elements 206a
to form a circular pad body 202. In one embodiment, a
height 210 of the first polishing element(s) 204a from the
supporting surface 203 1s higher than a height 212 of the 55
second polishing element(s) 206a so that the upper surfaces
208 of the first polishing element(s) 204a protrude above the
second polishing element(s) 206a. In one embodiment, the
first polishing element 204 1s disposed over a portion 212A
of the second polishing element(s) 206a. Grooves 218 or 60
channels are formed between the first polishing element(s)
204a, and at least include a portion of the second polishing
element(s) 206a. During polishing, the upper surfaces 208 of
the first polishing elements 204aq form a polishing surface
that contacts the substrate, while the grooves 218 retain and 65
channel the polishing fluid. In one embodiment, the first
polishing element(s) 204a are thicker than the second pol-
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ishing element(s) 2064 1n a direction normal to a plane
parallel to the polishing surface, or upper surface 208, of the
pad body 202 (1.e., Z-direction 1n FIG. 2A) so that the
channels or grooves 218 are formed on the top surface of the
pad body 202.

In one embodiment, a width 214 of the first polishing
clements 204a may be between about 250 microns and about
5> millimeters. The pitch 216 between the hard first polishing
clement(s) 204a may be between about 0.5 millimeters and
about 5 millimeters. Each first polishing element 204a may
have a width within a range between about 250 microns and
about 2 millimeters. The width 214 and/or the pitch 216 may
vary across a radius of the advanced polishing pad 200 to
define zones of varied hardness.

FIG. 2B 1s a schematic partial top view of an advanced
polishing pad 2005 according to an embodiment of the
present disclosure. The advanced polishing pad 2006 1s
similar to the advanced polishing pad 200 of FIG. 2A except
that the advanced polishing pad 2005 includes interlocking
first polishing elements 2045 and second polishing elements
206b. The first polishing elements 2045 and the second
polishing elements 2065 form a plurality of concentric rings.
The first polishing elements 2045 may include protruding
vertical ridges 220 and the second polishing elements 20656
may include vertical recesses 222 for receiving the vertical
ridges 220. Alternatively, the second polishing elements
2065 may 1nclude protruding ridges while the first polishing
clements 2045 include recesses. By having the second
polishing elements 2065 interlock with the first polishing
clements 204b, the advanced polishing pad 20056 will be
mechanically stronger 1n relation to applied shear forces,
which may be generated during the CMP process and/or
material handling. In one embodiment, the first polishing
clements and the second polishing elements may be inter-
locked to improve the strength of the polishing pad and
improve physical integrity of the polishing pads. The inter-
locking of the features may be due to physical and/or
chemical forces.

FIG. 2C 1s a schematic perspective sectional view of an
advanced polishing pad 200¢ according to an embodiment of
the present disclosure. The polishing pad 200¢ includes a
plurality of first polishing elements 204¢ extending from a
base material layer, such as the second polishing element
206¢. Upper surfaces 208 of the first polishing elements
204¢ form a polishing surface for contacting the substrate
during polishing. The first polishing elements 204¢ and the
second polishing elements 206¢ have different material and
structural properties. For example, the first polishing ele-
ments 204¢ may be formed from a hard matenal, while the
second polishing elements 206c may be formed from an soft
or low storage modulus E' matenial. The polishing pad 200c¢
may be formed by 3D printing, similar to the advanced
polishing pad 200.

The first polishing elements 204¢c may be substantially the
same size, or may vary in size to create varied mechanical
properties, such as varied storage modulus E' or and/or
varied loss modulus E", across the polishing pad 200c. The
first polishing elements 204¢ may be uniformly distributed
across the polishing pad 200c¢, or may be arranged 1n a
non-uniform pattern to achieve target properties in the
advanced polishing pad 200c.

In FIG. 2C, the first polishing elements 204¢ are shown to
be circular columns extending from the second polishing
clements 206¢. Alternatively, the first polishing elements
204¢ may be of any suitable cross-sectional shape, for
example columns with toroidal, partial toroidal (e.g., arc),
oval, square, rectangular, triangular, polygonal, or other
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irregular section shapes, or combinations thereof. In one
embodiment, the first polishing elements 204c may be of
different cross-sectional shapes to tune hardness, mechanical
strength or other desirable properties of the advanced pol-
1shing pad 200c.

FI1G. 2D 1s a schematic partial side cross-sectional view of
a polishing body 202 of an advanced polishing pad 200c
according to an embodiment of the present disclosure. The
advanced polishing pad 2004 1s similar to the advanced
polishing pad 200a, 2005 or 200c of FIGS. 2A-2C except
that the advanced polishing pad 2004 includes interlocking,
first polishing elements 2044 and second polishing elements
206d. The first polishing elements 2044 and the first pol-
1shing elements 2064 may include a plurality of concentric
rings and/or discrete elements that form part of the pad body
202, which are, for example, illustrated 1n FIG. 2A, 2B or
2C. In one embodiment, the first polishing elements 2044
may include protruding sidewalls 224 while the second
polishing elements 2064 may include regions 225 to receive
the protruding sidewalls 224 of the first polishing elements
204d. Alternatively, the second polishing elements 2064
may include protruding sidewalls while the first polishing,
clements 2044 include regions that are configured to receive
the protruding sidewalls. By interlocking the second polish-
ing elements 206¢ with the first polishing elements 2044, the
advanced polishing pad 2004 may exhibit an increased
tensile, compressive and/or shear strength. Additionally, the
interlocking sidewalls prevent the advanced polishing pad
2004 from being pulled apart.

In one embodiment, the boundaries between the first
polishing elements 204d and second polishing elements
2064 include a cohesive transition from at least one com-
position ol material to another, such as a transition or
compositional gradient from a first composition used to form
the first polishing element 2044 and a second composition
used to form the second polishing element 206d. The
cohesiveness of the matenals 1s a direct result of the additive
manufacturing process described herein, which enables
micron scale control and intimate mixing of the two or more
chemical compositions 1n a layer by layer additively formed
structure.

FIG. 2E 1s a schematic partial sectional view of a polish-
ing pad according to an embodiment of the present disclo-
sure. The advanced polishing pad 200e 1s similar to the
advanced polishing pad 2004 of FIG. 2D except that the
advanced polishing pad 200e includes differently configured
interlocking features. The advanced polishing pad 200e may
include first polishing elements 204e¢ and second polishing
clements 206¢ having a plurality of concentric rings and/or
discrete elements. In one embodiment, the first polishing
clements 204e may include horizontal ridges 226 while the
second polishing elements 206¢ may include horizontal
recesses 227 to receive the horizontal ridges 226 of the first
polishing elements 204e. Alternatively, the second polishing,
clements 206¢ may 1nclude horizontal ridges while the first
polishing elements 204¢ include horizontal recesses. In one
embodiment, vertical interlocking features, such as the inter-
locking features of FIG. 2B and horizontal interlocking
teatures, such as the interlocking features of FIGS. 2D and
2E, may be combined to form an advanced polishing pad.

FIGS. 2F-2K are schematic plan views of various polish-
ing pad designs according to embodiments of the present
disclosure. Each of the FIGS. 2F-2K include pixel charts
having white regions (regions 1n white pixels) that represent
the first polishing eclements 204/-204%, respectively, for
contacting and polishing a substrate, and black regions
(regions 1n black pixels) that represent the second polishing
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clement(s) 206/-206%. As similarly discussed herein, the
white regions generally protrude over the black regions so
that channels are formed in the black regions between the
white regions. In one example, the pixels 1n a pixel chart are
arranged 1n a rectangular array type pattern (e.g., X and Y
oriented array) that are used to define the position of the
various materials within a layer, or a portion of layer, of an
advanced polishing pad. In another example, the pixels 1n a
pixel chart are arranged 1n a hexagonal close pack array type
of pattern (e.g., one pixel surrounded by six nearest neigh-
bors) that are used to define the position of the various
materials within a layer, or a portion of layer of a polishing
pad. Polishing slurry may flow through and be retained in
the channels during polishing. The polishing pads shown 1n
FIGS. 2F-2K may be formed by depositing a plurality of
layers of materials using an additive manufacturing process.
Each of the plurality of layers may include two or more
materials to form the first polishing elements 2047-204% and
second polishing element(s) 206/-206%. In one embodiment,
the first polishing elements 204/-204% may be thicker than
the second polishing element(s) 206/-2064 1n a direction
normal to a plane that 1s parallel to the plurality of layers of
materials so that grooves and/or channels are formed on a
top surface of the polishing pad.

FIG. 2F 1s a schematic pixel chart of an advanced pol-
ishing pad design 200/ having a plurality of concentric
polishing features 204f. The polishing features 204/ may be
concentric circles of equal width. In one embodiment, the
second polishing element(s) 206/ may also have equal width
so that the pitch of the first polishing element(s) 204/ 1s
constant along the radial direction. During polishing, chan-
nels between the first polishing element(s) 204/ retain the
polishing slurry and prevent rapid loss of the polishing
slurry due to a centrifugal force generated by rotation of the
polishing pad about 1ts central axis (i.e., center ol concentric
circles).

FIG. 2G 1s a schematic pixel chart of a polishing pad
design 200g having a plurality of segmented first polishing
clements 204g arranged in concentric circles. In one
embodiment, the segmented {first polishing elements 204g
may have substantially equal length. The segmented first
polishing elements 204¢ may form a plurality of concentric
circles. In each circle, the segmented first polishing elements
2042 may be equally distributed within each concentric
circle. In one embodiment, the segmented first polishing
clements 204¢g may have an equal width 1n the radial
direction. In some embodiments, the segmented first polish-
ing elements 204g have a substantially equal length irre-
spective of the radius of the concentric circle (e.g., equal arc
length except for the center region of the polishing pad). In
one embodiment, the second polishing element(s) 206g are
disposed between the plurality of concentric circles and have
an equal width so that the pitch of the concentric circles 1s
constant. In one embodiment, gaps between the segmented
first polishing elements 204g may be staggered from circle
to circle to prevent polishing slurry from directly flowing out
of the polishing pad under the centritugal force generated by
rotation of the polishing pad about its central axis.

FIG. 2H 1s a schematic pixel chart of a polishing pad
design 200/ having spiral first polishing elements 204/
disposed over second polishing element(s) 206/%. In FIG.
2H, the polishing pad 200/ has four spiral first polishing
clements 204/ extending from a center of the polishing pad
to an edge of the polishing pad. Even though four spiral
polishing features are shown, less or more numbers of spiral
first polishing elements 2042 may be arranged in similar
manner. The spiral first polishing elements 2042 define
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spiral channels 218/%. In one embodiment, each of the spiral
first polishing elements 204/ has a constant width. In one
embodiment, the spiral channels 218/ also have a constant
width. During polishing, the polishing pad may rotate about
a central axis 1n a direction opposite to the direction of the
spiral first polishing elements 204/ to retain polishing slurry
in the spiral channels. For example, in FIG. 2H, the spiral
first polishing elements 204/ and the spiral channels are
formed 1n a counter-clockwise direction, and thus during
polishing the polishing pad may be rotated clockwise to
retain polishing slurry in the spiral channels and on the
polishing pad. In some configurations, each of the spiral
channels 1s continuous from the center of the polishing pad
to the edge of the polishing pad. This continuous spiral
channels allow polishing slurry along with any polishing
waste to flow from the center of the polishing pad to the edge
of the polishing pad. In one embodiment, the polishing pad
may be cleaned by rotating the polishing pad in the same
direction as the spiral first polishing elements 204/% (e.g.,
counter-clockwise 1n FIG. 2H).

FIG. 21 1s a schematic pixel chart of a polishing pad
design 200i having segmented first polishing elements 204
arranged 1n a spiral pattern on second polishing element(s)
206i. The advanced polishing pad illustrated 1n FIG. 2I 1s
similar to the polishing pad 1n FIG. 2H except that the first
polishing elements 204 are segmented, and the radial pitch
of the first polishing elements 204; varies. In one embodi-
ment, the radial pitch of the segmented first polishing
clements 204; decreases from a center of the polishing pad
to an edge region of the polishing pad to adjust and/or
control the retention of the slurry on different regions of the
surface of the polishing pad during processing.

FIG. 2] 1s a schematic pixel chart of a polishing pad
design 200; having a plurality of discrete first polishing
clements 204/ formed 1n a second polishing element(s) 206/
In one embodiment, each of the plurality of first polishing
clements 204; may be a cylindrical post type structure,
similar to the configuration illustrated 1n FIG. 2C. In one
embodiment, the plurality of first polishing elements 204/
may have the same dimension in the plane of the polishing
surface. In one embodiment, the plurality of cylindrical first
polishing elements 204; may be arranged in concentric
circles. In one embodiment, the plurality of cylindrical first
polishing elements 204; may be arranged in a regular 2D
pattern relative to the plane of the polishing surface.

FIG. 2K 1s a schematic pixel chart of a polishing pad
design 2004 having a plurality of discrete first polishing
clements 2044 formed over a second polishing element(s)
2064. The polishing pad of FIG. 2K i1s similar to the

polishing pad of FIG. 2] except that some first polishing
clements 2044 1n FIG. 2K may be connected to form one or
more closed circles. The one or more closed circles may
create one or more damns to retain polishing slurry during
polishing.

The first polishing elements 204a-204% 1n the designs of
FIGS. 2A-2K may be formed from an i1dentical maternial or
identical compositions of materials. Alternatively, the mate-
rial composition and/or material properties of the first pol-
ishing elements 204a-204% 1n the designs of FIG. 2A-2K
may vary from polishing feature to polishing feature. Indi-
vidualized material composition and/or material properties
allows polishing pads to be tailored for specific needs.

Additive Manufacturing Apparatus and Process
Examples

FIG. 3A 1s a schematic sectional view of an additive
manufacturing system 350 that can be used to form an
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advanced polishing pad using an additive manufacturing
process according to one or more embodiments of the
present disclosure. An additive manufacturing process may
include, but are not limited to a process, such as a polyjet
deposition process, inkjet printing process, fused deposition
modeling process, binder jetting process, powder bed fusion
process, selective laser sintering process, stereolithography
process, vat photopolymerization digital light processing,
sheet lamination process, directed energy deposition pro-
cess, or other similar 3D deposition process.

The additive manufacturing system 330 generally
includes a precursor delivery section 333, a precursor for-
mulation section 354 and a deposition section 355. The
deposition section 355 will generally include an additive
manufacturing device, or hereafter printing station 300. The
advanced polishing pad 200 may be printed on a support 302
within the printing station 300. Typically, the advanced
polishing pad 200 1s formed layer by layer using one or more
droplet ¢jecting printers 306, such as printer 306A and
printer 3068 1llustrated 1n FIG. 3A, from a CAD (computer-
aided design) program. The printers 306A, 3068 and the
support 302 may move relative to each other during the
printing process.

The droplet ejecting printer 306 may 1include one or more
print heads 308 having one or more nozzles (e.g. nozzles
309-312) for dispensing liqud precursors. In the embodi-
ment of FIG. 3A, the droplet ejecting printer 306 A 1ncludes
print head 308 A that has a nozzle 309 and a print head 308B
having a nozzle 310. The nozzle 309 may be configured to
dispense a first liquid precursor composition to form a first
polymer material, such as a soft or low storage modulus E'
polymer, while the nozzle 310 may be used to dispense a
second liquid precursor to form a second polymer material,
such as a hard polymer, or a polymer exhibiting a high
storage modulus E'. The liquid precursor compositions may
be dispensed at selected locations or regions to form an
advanced polishing pad that has desirable properties. These
selected locations collectively form the target printing pat-
tern that can be stored as a CAD-compatible file that 1s then
read by an electronic controller 305, which controls the
delivery of the droplets from the nozzles of the droplet
ejecting printer 306.

The controller 305 1s generally used to facilitate the
control and automation of the components within the addi-
tive manufacturing system 350, including the printing sta-
tion 300. The controller 305 can be, for example, a com-
puter, a programmable logic controller, or an embedded
controller. The controller 305 typically includes a central
processing unmt (CPU) (not shown), memory (not shown),
and support circuits for inputs and outputs (I/0) (not shown).
The CPU may be one of any form of computer processors
that are used 1n i1ndustrial settings for controlling various
system functions, substrate movement, chamber processes,
and control support hardware (e.g., sensors, motors, heaters,
etc.), and monitor the processes performed in the system.
The memory 1s connected to the CPU, and may be one or
more of a readily available non-volatile memory, such as
random access memory (RAM), flash memory, read only
memory (ROM), tloppy disk, hard disk, or any other form of
digital storage, local or remote. Software instructions and
data can be coded and stored within the memory for mnstruct-
ing the CPU. The support circuits are also connected to the
CPU for supporting the processor 1n a conventional manner.
The support circuits may include cache, power supplies,
clock circuits, input/output circuitry, subsystems, and the
like. A program (or computer instructions) readable by the
controller 305 determines which tasks are performable by
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the components 1n the additive manufacturing system 350.
Preferably, the program 1s soitware readable by the control-
ler 305 that includes code to perform tasks relating to
monitoring, execution and control of the delivery and posi-
tioming of droplets delivered from the printer 306, and the 5
movement, support, and/or positioning of the components
within the printing station 300 along with the various
process tasks and various sequences being performed 1n the
controller 305.

After 3D printing, the advanced polishing pad 200 may be 10
solidified by use of a curing device 320 that 1s disposed
within the deposition section 355 of the additive manufac-
turing system 350. The curing process performed by the
curing device 320 may be performed by heating the printed
polishing pad to a curing temperature or exposing the pad to 15
one or more forms of electromagnetic radiation or electron
beam curing. In one example, the curing process may be
performed by exposing the printed polishing pad to radiation
321 generated by an electromagnetic radiation source, such
as a visible light source, an ultraviolet light source, and x-ray 20
source, or other type of electromagnetic wave source that 1s
disposed within the curing device 320.

The additive manufacturing process oflers a convenient
and highly controllable process for producing advanced
polishing pads with discrete features formed from different 25
materials and/or different compositions of materials. In one
embodiment, soft or low storage modulus E' features and/or
hard or high storage modulus E' features may be formed
using the additive manufacturing process. For example, the
soit or low storage modulus E' features of a polishing pad 30
may be formed from the first composition containing poly-
urethane segments dispensed from the nozzle 312 of the
printer 3068, and hard or high storage modulus E' features
of the polishing pad may be formed from droplets of the
second composition dispensed from the nozzle 310 of the 35
printer 306A.

In another embodiment, the first polishing elements 204
and/or the second polishing element(s) 206 may each be
formed from a mixture of two or more compositions. In one
example, a first composition may be dispensed 1n the form 40
of droplets by a first print head, such as the print head 308 A,
and the second composition may be dispensed 1n the form of
droplets by a second print head, such as the print head 308B
of the printer 306A. To form first polishing elements 204
with a mixture of the droplets delivered from multiple print 45
heads requires/includes the alignment of the pixels corre-
sponding to the first polishing elements 204 on predeter-
mined pixels within a deposition map found 1n the controller
305. The print head 308A may then align with the pixels
corresponding to where the first polishing elements 204 are 50
to be formed and then dispense droplets on the predeter-
mined pixels. The advanced polishing pad may thus be
tformed from a first composition of materials that 1s formed
by depositing droplets of a first droplet composition and a
second material that comprises a second composition of 55
maternials that 1s formed by depositing droplets of a second
droplet composition.

FIG. 3B 1s a schematic cross-sectional view of a portion
of the printing station 300 and advanced polishing pad 200
during the pad manufacturing process. The printing station 60
300, as shown 1n FIG. 3B, includes two printers 306A and
306B that are used to sequentially form a portion of the
advanced polishing pad 200. The portion of the advanced
polishing pad 200 shown in FIG. 3B may, for example,
include part of either the first polishing element 204 or the 65
second polishing elements 206 1in the finally formed
advanced polishing pad 200. During processing the printers
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306A and 306B are configured to deliver droplets “A” or
“B,” respectively, to a first surface of the support 302 and
then Successively to a surface of the growing polishing pad
that 1s disposed on the support 302 1n a layer by layer
process. As shown i FIG. 3B, a second layer 348 1s
deposited over a first layer 346 which has been formed on
the support 302. In one embodiment, the second layer 348 1s
formed over the first layer 346 which has been processed by
the curing device 320 that 1s disposed downstream from the
printers 306A and 306B in the pad manufacturing process.
In some embodiments, portions of the second layer 348 may
be simultaneously processed by the curing device 320 while
one or more of the printers 306A and 306B are depositing
droplets “A” and/or “B” onto the surface 346A of the
previously formed layer 346. In this case, the layer that 1s
currently being formed may include a processed portion
348 A and an unprocessed portion 348B that are disposed on
either side of a curing zone 349A. The unprocessed portion
348B generally includes an array of dispensed droplets, such
as dispensed droplets 343 and 347, which are deposited on
the surface 346A of the previously formed layer 346 by use
of the printers 3068 and 306A, respectively.

FIG. 3C 1s a close up cross-sectional view of a dispensed
droplet 343 that 1s disposed on a surface 346A of the
previously formed layer 346. Based on the properties of the
materials within the dispensed droplet 343, and due to
surface energy of the surface 346A the dispensed droplet
will spread across the surface an amount that 1s larger than
the size of the oniginal dispensed droplet (e.g., droplets “A”
or “B”), due to surface tension. The amount of spread of the
dispensed droplet will vary as a function of time from the
instant that 1t 1s deposited on the surface 346 A. However,
alter a very short period of time (e.g., <1 second) the spread
of the droplet will reach an equilibrium size, and have an
equilibrium contact angle a. The spread of the dispensed
droplet across the surface aflects the resolution of the
placement of the droplets on the surface of the growing
polishing pad, and thus the resolution of the features and
material compositions found within various regions of the
final polishing pad.

In some embodiments, 1t 1s desirable to expose one or
both of the droplets “A” and “B” after they have been
contact with the surface of the substrate for a period of time
to cure, or “fix,” each droplet at a desired size before the
droplet has a chance to spread to its uncured equilibrium size
on the surface of the substrate. In this case, the energy
supplied to the dispensed droplet, and surface that 1t 1s
placed on, by the curing device 320 and the droplet’s
material composition are adjusted to control the resolution
of each of the dispensed droplets. Therefore, one important
parameter to control or tune during a 3D printing process 1s
the control of the dispensed droplet’s surface tension relative
to the surface that 1t 1s disposed on. In some embodiments,
it 1s desirable to add one or more curing enhancement
components (€.g., photoinitiators) to the droplet’s formula-
tion to control the kinetics of the curing process, prevent
oxygen 1nhibition, and/or control the contact angle of the
droplet on the surface that 1t 1s deposited on. One will note
that the curing enhancement components will generally
include maternals that are able to adjust: 1) the amount of
bulk curing that occurs in the material 1n the dispensed
droplet during the initial exposure to a desired amount of
clectromagnetic radiation, 2) the amount of surface curing
that occurs 1n the material in the dispensed droplet during the
initial exposure to a desired amount of electromagnetic
radiation, and 3) the amount of surface property modifica-
tion (e.g., additives) to the surface cured region of the
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dispensed droplet. The amount of surface property modifi-
cation to the surface cured region of the dispensed droplet
generally includes the adjustment of the surface energy of
the cured or partially cured polymer found at the surface of
the dispensed and at least partially cured droplet.

It has been found that 1t 1s desirable to partially cure each
dispensed droplet to “fix” 1ts surface properties and dimen-
sional size during the printing process. The ability to “fix”
the droplet at a desirable size can be accomplished by adding,
a desired amount of at least one curing enhancement com-
ponents to the droplet’s material composition and delivering,
a sullicient amount of e¢lectromagnetic energy from the
curing device 320 during the additive manufacturing pro-
cess. In some embodiments, 1t 1s desirable to use a curing
device 320 that 1s able to deliver between about 1 milli-joule
per centimeter squared (mJ/cm?) and 100 mJ/cm?®, such as
about 10-20 mJ/cm?, of ultraviolet (UV) light to the droplet
during the additive layer formation process. The UV radia-
tion may be provided by any UV source, such as mercury
microwave arc lamps (e.g., H bulb, H+ bulb, D bulb, Q bulb,
and V bulb type lamps), pulsed xenon tlash lamps, high-
cliciency UV light emitting diode arrays, and UV lasers.
The UV radiation may have a wavelength between about
1’70 nm and about 500 nm.

In some embodiments, the size of dispensed droplets “A”,
“B” may be from about 10 to about 200 microns, such as
about 50 to about 70 microns. Depending on the surface
energy (dynes) of the substrate or polymer layer that the
droplet 1s dispensed over and upon, the uncured droplet may
spread on and across the surface to a size 343A of between
about 10 and about 500 microns, such as between about 50
and about 200 microns. In one example, the height of such
a droplet may be from about 5 to about 100 microns,
depending on such factors as surface energy, wetting, and/or
resin precursor composition which may include other addi-
tives, such as flow agents, thickening agents, and surfac-
tants. One source for the additives 1s BY K-Gardner GmbH
of Geretsried, Germany.

In some embodiments, 1t 1s generally desirable to select a
photoinitiator, an amount of the photoinitiator 1n the droplet
composition, and the amount of energy supplied by curing
device 320 to allow the dispensed droplet to be “fixed” 1n
less than about 1 second, such as less than about 0.5 seconds
after the dispensed droplet has come in contact with the
surtace on which 1t 1s to be fixed. The actual time 1t takes to
partially cure the dispensed droplet, due to the exposure to
delivered curing energy, may be longer or shorter than the
time that the droplet resides on the surface before 1t 1s
exposed to the delivered radiation, since the curing time of
the dispensed droplet will depend on the amount of radiant
energy and wavelength of the energy provide from the
curing source 320. In one example, an exposure time used to
partially cure a 120 micrometer (um) dispensed droplet 1s
about 0.4 microseconds (us) for a radiant exposure level of
about 10-15 mJ/cm” of UV radiation. In an effort to “fix” the
droplet 1n this short timeframe one must position the dis-
pense nozzle of the droplet ejecting printer 306 a short
distance from the surface of the surface of the polishing pad,
such as between 0.1 and 10 millimeters (imm), or even 0.5
and 1 mm, while the surface 346 A of the advanced polishing
pad are exposed to the radiation 321 delivered from the
curing device 320. It has also been found that by controlling
droplet composition, the amount of cure of the previously
formed layer (e.g., surface energy of the previously formed
layer), the amount of energy from the curing device 320 and
the amount of the photoimitiator in the droplet composition,
the contact angle . of the droplet can be controlled to control
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the fixed droplet size, and thus the resolution of the printing
process. In one example, the underlying layer cure may be
a cure of about 70% acrylate conversion. A droplet that has
been fixed, or at least partially cured, 1s also referred to
herein as a cured droplet. In some embodiments, the fixed
droplet size 343A 1s between about 10 and about 200
microns. In some embodiments, the contact angle, also
referred to herein as the dynamic contact angle (e.g., non-
equilibrium contact angle), for a “fixed” droplet can be
desirably controlled to a value of at least 50°, such as greater
than 55°, or even greater than 60°, or even greater than 70°.

The resolution of the pixels within a pixel chart that 1s
used to form a layer, or a portion of a layer, by an additive
manufacturing process can be defined by the average “fixed”
s1ze of a dispensed droplet. The material composition of a
layer, or portion of a layer, can thus be defined by a
“dispensed droplet composition”, which a percentage of the
total number of pixels within the layer, or portion of the
layer, that include droplets of a certain droplet composition.
In one example, if a region of a layer of a formed advanced
polishing pad 1s defined as having a dispensed droplet
composition of a first dispensed droplet composition of
60%, then 60% percent of the pixels within the region waill
include a fixed droplet that includes the first material com-
position. In cases where a portion of a layer contains more
than one material composition, it may also be desirable to
define the material composition of a region within an
advanced polishing pad as having a “material composition
rati0.” The material composition ratio 1s a ratio of the
number of pixels that have a first material composition
disposed thereon to the number of pixels that have a second
material composition disposed thereon. In one example, 11 a
region was defined as containing 1,000 pixels, which are
disposed across an area of a surface, and 600 of the pixels
contain a fixed droplet of a first droplet composition and 400
of the pixels contain a fixed droplet of a second droplet
composition then the material composition ratio would
include a 3:2 ratio of the first droplet composition to the
second droplet composition. In configurations where each
pixel may contain greater than one fixed droplet (e.g., 1.2
droplets per pixel) then the material composition ratio would
be defined by the ratio of the number of fixed droplets of a
first material to the number of fixed droplets of a second
material that are found within a defined region. In one
example, 11 a region was defined as containing 1,000 pixels,
and there were 800 fixed droplet of a first droplet compo-
sition and 400 fixed droplets of a second droplet composi-
tion within the region, then the material composition ratio
would be 2:1 for this region of the advanced polishing pad.

The amount of curing of the surface of the dispensed
droplet that forms the next underlying layer 1s an important
polishing pad formation process parameter, since the amount
of curing 1n this “initial dose” affects the surface energy that
the subsequent layer of dispensed droplets will be exposed
to during the additive manufacturing process. The amount of
the 1nitial cure dose 1s also important since 1t will also aflect
the amount of curing that each deposited layer will finally
achieve 1n the formed polishing pad, due to repetitive
exposure of each deposited layer to additional transmaitted
curing radiation supplied through the subsequently depos-
ited layers as they are grown thereon. It 1s generally desir-
able to prevent over curing of a formed layer, since i1t will
allect the material properties of the over cured materials
and/or the wettability of the surface of the cured layer to
subsequently deposited dlspensed droplets 1n subsequent
steps. In one example, to effect polymerization of a 10-30
micron thick layer of dispensed droplets may be performed
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by dispensing each droplet on a surface and then exposing
the dispensed droplet to UV radiation at a radiant exposure
level of between about 10 and about 15 mlJ/cm?® after a
period of time of between about 0.1 seconds and about 1
second has elapsed. However, 1n some embodiments, the
radiation level delivered during the 1nitial cure dose may be
varied layer by layer. For example, due to differing dis-
pensed droplet compositions 1n different layers, the amount
of UV radiation exposure in each initial dose may be
adjusted to provide a desirable level of cure 1n the currently

exposed layer, and also to one or more of the underlying
layers.

In some embodiments, it 1s desirable to control the droplet
composition and the amount of energy delivered from the
curing device 320 during the initial curing step, which 1s a
step 1n which the deposited layer of dispensed droplets are
directly exposed to the energy provided by the curing device
320, to cause the layer to only partially cure a desired
amount. In general, it 1s desirable for the imtial curing
process to predominantly surface cure the dispensed droplet
versus bulk cure the dispensed droplet, since controlling the
surface energy of the formed layer 1s important for control-
ling the dispensed droplet size. In one example, the amount
that a dispensed droplet 1s partially cured can be defined by
the amount of chemical conversion of the materials 1n the
dispensed droplet. In one example, the conversion of the
acrylates found in a dispensed droplet that 1s used to form a
urethane polyacrylate containing layer, 1s defined by a
percentage X, which 1s calculated by the equation:

~ (Ac=c/Ac=0);
(Ac=c/Ac=0)y

where A~ and A.__, are the values of the C—C peak at
910 cm™" and the C—0O peaks at 1700 cm™" found using
FT-IR spectroscopy. During polymerization, C—C bonds
within acrylates are converted to C—C bond, while C=—0
within acrylates has no conversion. The intensity of C—C to
C—O0O hence 1indicates the acrylate conversion rate. The
A, /A,_, ratio reters to the relative ratio of C—C to
C—0 bonds within the cured droplet, and thus the (A _ -/
A,_ ), denotes the mitial ratio of A~ to A~_, i the
droplet, while (A, /A, ), denotes the ratio of A, to
A, on the surface of the substrate after the droplet has
been cured. In some embodiments, the amount that a layer
1s mitially cured may be equal to or greater than about 70%
of the dispensed droplet. In some configurations, 1t may be
desirable to partially cure the material 1n the dispensed
droplet during the initial exposure of the dispensed droplet
to the curing energy to a level from about 70% to about 80%,
so that the target contact angle of the dispensed droplet may
be attamed. It 1s believed that the uncured or partially
acrylate materials on top surface are copolymerized with the
subsequent droplets, and thus yield cohesion between the
layers.

The process of partially curing a dispensed droplet during,
the mitial layer formation step can also be important to
assure that there will be some chemical bonding/adhesion
between subsequently deposited layers, due to the presence
of residual unbonded groups, such as residual acrylic
groups. Since the residual unbonded groups have not been
polymerized, they can be involved in forming chemical
bonds with a subsequently deposited layer. The formation of
chemical bonds between layers can thus increase the
mechanical strength of the formed advanced polishing pad
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in the direction of the layer by layer growth during the pad
formation process (e.g., Z-direction i FIG. 3B). As noted
above, the bonding between layers may thus be formed by
both physical and/or chemical forces.

The mixture of the dispensed droplet, or positioning of the
dispensed droplets, can be adjusted on a layer by layer basis
to form layers that individually have tunable properties, and
a polishing pad that has desirable pad properties that are a
composite of the formed layers. In one example, as shown
in FIG. 3B, a mixture of dispensed droplets includes a 50:50
ratio of the dispensed droplets 343 and 347 (or a material
composition ratio of 1:1), wherein the dispensed droplet 343
includes at least one different material from the material
tound in the dispensed droplet 347. Properties of portions of
the polishing body 202, such as the first polishing elements
204 and/or second polishing elements 206 may be adjusted
or tuned according to the ratio and/or distribution of a first
composition and a second composition that are formed from
the positioning of the dispensed droplets during the depo-
sition process. For example, the weight % of the first
composition may be from about 1% by weight based on total
composition weight to about 100% based on total compo-
sition weight. In a similar fashion, the second composition
may be from about 1% by weight based on total composition
weight to about 100% based on total composition weight.
Depending on the matenal properties that are required, such
as hardness and/or storage modulus, compositions of two or
more materials can be mixed 1n diflerent ratios to achieve a
desired effect. In one embodiment, the composition of the
first polishing elements 204 and/or second polishing ele-
ments 206 1s controlled by selecting at least one composition
or a mixture of compositions, and size, location, and/or

density of the droplets dispensed by one or more printers.
Theretore, the controller 303 1s generally adapted to position
the nozzles 309-310, 311-312 to form a layer that has
interdigitated droplets that have been positioned 1n a desired
density and pattern on the surface of the polishing pad that
1s being formed. In some configurations, dispensed droplets
may be deposited 1n such a way as to ensure that each drop
1s placed 1n a location where 1t does not blend with other
drops, and thus each remains a discrete material “i1sland”
prior to being cured. In some configurations, the dispensed
droplets may also be placed on top of prior dispensed
droplets within the same layer to increase the build rate or
blend material properties. Placement of droplets relative to
cach other on a surface may also be adjusted to allow partial
mixing behavior of each of the dispensed droplets 1n the
layer. In some cases, it may be desirable to place the droplets
closer together or farther apart to provide more or less
mixing of the components in the neighboring droplets,
respectively. It has been found that controlling droplet
placement relative to other dispensed droplets and the com-
position of each droplet can have an effect on the mechanical
and polishing properties of the formed advanced polishing
pad.

Even though only two compositions are generally dis-
cussed herein for forming the first polishing elements 204
and/or second polishing elements 206, embodiments of the
present disclosure encompass forming features on a polish-
ing pad with a plurality of materials that are interconnected
via compositional gradients. In some configurations, the
composition of the first polishing elements 204 and/or
second polishing elements 206 in a polishing pad are
adjusted within a plane parallel to the polishing surface
and/or through the thickness of the polishing pad, as dis-
cussed further below.
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The ability to form compositional gradients and the ability
to tune the chemical content locally, within, and across an
advanced polishing pad are enabled by “ink jettable” low
viscosity compositions, or low viscosity “inks” in the 3D
printing arts that are used to form the droplets “A” and/or
“B” illustrated in FIG. 3B. The low viscosity inks are
“pre-polymer” compositions and are the “precursors”™ to the
formed {irst polishing elements 204 and second polishing
clements 206 found 1n the pad body 202. The low viscosity
inks enable the delivery of a wide variety of chemistries and
discrete compositions that are not available by conventional
techniques (e.g., molding and casting), and thus enable
controlled compositional transitions or gradients to be
formed within different regions of the pad body 202. This 1s
achieved by the addition and mixing of viscosity thinning
reactive diluents to high viscosity functional oligomers to
achieve the appropriate viscosity formulation, followed by
copolymerization of the diluent(s) with the higher viscosity
functional oligomers when exposed to a curing energy
delivered by the curing device 320. The reactive diluents
may also serve as a solvent, thus eliminating the use of inert
non-reactive solvents or thinners that must be removed at
cach step.

Referring to the precursor delivery section 353 and pre-
cursor formulation section 354 of FIG. 3A, in one embodi-
ment, a first precursor 356 1s mixed with a second precursor
357 and a diluent 358 to form a first printable 1nk compo-
sition 359, which 1s delivered to reservoir 304B of the
printer 3068, and used to form portions of the polishing
body 202. Similarly, a third precursor 366 can be mixed with
a Tourth precursor 367 and a diluent 368 to form a second
new printable 1nk composition 369, which 1s delivered to
reservoir 304 A of the printer 306 A, and used to form another
portion of the polishing body 202. In some embodiments,
the first precursor 356 and the third precursor 366 cach
comprise an oligomer, such as multifunctional oligomer, the
second precursor 357 and the fourth precursor 367 each
comprise a multifunctional monomer, and diluent 358 and
the diluent 368 each comprise a reactive diluent (e.g.,
monomer) and/or 1mitiator (e.g., photoinitiator). One
example of a first printable composition 359 may include a
first precursor 356 which includes a reactive difunctional
oligomer, comprising aliphatic chain segments, which may
have a viscosity from about 1000 centipoise (cP) at 25° C.,
to about 12,000 cP at 25° C., 1s then mixed with and thus
diluted by a 10 cP at 25° C. reactive diluent (e.g., diluent
358), such as monoacrylate, to create a new composition that
has new viscosity. The printable composition thus obtained
may exhibit a viscosity from about 80 cP to about 110 cP at
25° C., and a viscosity from about 15 cP to about 30 cP at
70° C., which may be eflectively dispensed from a 3D
printer 1k jet nozzle.

FIGS. 4A-4F provide examples of an advanced polishing
pads that include a compositional gradient across one or
more regions of the polishing body. In FIGS. 4A-4D, the
white pixel marks are intended to schematically illustrate
where a dispensed droplet of a first material 1s dispensed
while the black pixel marks illustrate where no material 1s
dispensed within one or more layers used to form the
polishing pad. By use of these techniques, compositional
gradients 1n the cured matenal, or maternial formed by a
plurality of cured droplets, can be formed in the printed
layers used to form at least part of a complete polishing pad.
The tailored composition of the printed layers within a
polishing pad can be used to adjust and tailor the overall
mechanical properties of the polishing pad. The composition
of polishing features may vary in any suitable pattern.
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Although polishing pads described herein are shown to be
formed from two kinds of materials, this configuration 1s not
intended to be limiting of the scope of the disclosure
provided herein, since polishing pads including three or
more kinds of materials 1s within the scope of the present
disclosure. It should be noted that the compositions of the
polishing features 1n any designs of the polishing pad, such
as the polishing pads in FIGS. 2A-2K, may be varied 1n
similar manner as the polishing pads 1n FIGS. 4A-4F.

FIGS. 4A and 4B are black and white bitmap images
reflecting pixel charts of a printed layer within an advanced
polishing pad that includes portions of first polishing ele-
ments 204 and second polishing element(s) 206. In FIGS.
4A and 4B, the white pixel marks are where a droplet of a
first material 1s dispensed while the black pixel marks are
where no material 1s dispensed and cured. FIG. 4A 1s the
pixel chart 400a of a first portion of a layer within an
advanced polishing pad 200 and FIG. 4B 1s the pixel chart
4006 of a second portion of the same advanced polishing
pad. The first portion may be dispensed by a first print head
according to the pixel chart 400a and the second portion may
be dispensed by a second print head according to the pixel
chart 40056. The two print heads superimpose the pixel charts
400a, 4005 together to form one or more layers that contain
discrete polishing features. The polishing features near an
edge region of the polishing pad include more of the first
material than the second matenial. The polishing features
near a center region of the polishing pad include more of the
second material than the first matenial. In this example, each
polishing feature has a unmique combination of the first
material and the second material. In one example, the first
polishing elements 204 include a first combination of the
first material and the second material and the second pol-
1shing elements 206 include a different second combination
of the first material and the second material. Therefore, by
use of pixel charts, the polishing body can be sequentially
formed so that a desired gradient 1n material composition 1s
achieved 1n different parts of the polishing body to achieve
a desired polishing performance of the advanced polishing
pad.

FIGS. 4C and 4D are schematic pixel charts 400¢, 4004
ol a polishing pad having features. In some embodiments,
FIG. 4C 1s the pixel chart 400¢c of a first portion of a
polishing pad and FIG. 4D 1s the pixel chart 4004 of a
second portion of the same polishing pad. The polishing pad
according to FIGS. 4C, 4D 1s similar to the polishing pad of
FIGS. 4A, 4B except the gradient in the material composi-
tion of the polishing body varies from leit to right across the
polishing pad.

FIG. 4E 1s a schematic view of a web based polishing pad
400¢ that 1s formed using an additive manufacturing process
to form a polishing surface 208 that has a gradient in
material composition across the polishing surface 208 (e.g.,
Y-direction). As shown in FIG. 4E the polishing material
may be disposed over a platen 102 between a first roll 481
and a second roll 482. By building a web, or even standard
polishing pad, with differing regions of high and low storage
modulus the substrate can be moved over diflerent locations
on the polishing pad 400e during different portion of the
polishing process, so as to provide the desired mechanical
properties during each phase of the polishing process. One
example may involve a substrate having an initial surface
texture removed rapidly using a planarizing portion of the
polishing pad 400e that has a high elastic modulus and then
moving the substrate to a second portion of the polishing pad
400¢ that has a lower elastic modulus to buil the substrate
surface and reduce scratch defects.
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FIG. 4F 1s schematic side cross-sectional view of an
advanced polishing pad 400/ that 1s formed using an additive
manufacturing process to form a polishing base layer 491
that has a gradient 1n material composition 1n the Z-direc-
tion. Gradients 1n the material composition and/or material
properties of the stacked printed layers of the polishing base
layer 491 can vary from a high concentration to a low
concentration of a first material to a second material 1n one
direction, or vice versa. In some cases, one or more regions
within the polishing pad may include more complex con-
centration gradients, such as a high/low/high or low/high/
low concentration gradient of at least two materials that have
differing material properties. In one example, at least two
materials that form the concentration gradient have different
storage modulus E', E'30/E'90 ratio, tan delta or other similar
parameter. In some configurations, the advanced polishing
pad 400/ may include a polishing element region 494 that
may 1nclude discrete regions that include at least a first
polishing element 204 and a second polishing element 206.
In one example, the polishing element region 494 may
include a portion of a polishing body 202 that contains one
or more of the structures shown 1in FIGS. 2A-2K.

In one embodiment, the base layer 491 includes a homo-
geneous mixture of two or more different materials 1n each
layer formed within the base layer 491. In one example, the
homogeneous mixture may include a mixture of the mate-
rials used to form the first polishing element 204 and the
second polishing element 206 1n each layer formed within
the base layer 491. In some configurations, it 1s desirable to
vary the composition of the homogeneous mixture ol mate-
rials layer by layer to form a gradient in material composi-
tion 1n the layer growth direction (e.g., Z-direction in FIG.
3B). The phrase homogeneous mixture 1s itended to gen-
crally describe a material that has been formed by dispens-
ing and curing printed droplets that have at least two
different compositions within each layer, and thus may
contain a mixture of small regions of the at least two
different compositions that are each sized at a desired
resolution. The interface between the polishing base layer
491 and the polishing element region 494 may include a
homogeneous blend of the materials found at the upper
surface of the polishing base layer 491 and the lower surface
of the polishing element region 494, or include a discrete
transition where the differing material composition in the
first deposited layer of the polishing element region 494 1s
directly deposited on the surface of the polishing base layer
491.

In some embodiments of the polishing element region
494, or more generally any of the polishing bodies 202
described above, 1t 1s desirable to form a gradient in the
material composition in the first polishing elements 204
and/or second polishing elements 206 1n a direction normal
to the polishing surface of the polishing pad. In one example,
it 1s desirable to have higher concentrations of a material
composition used to form the soft or low storage modulus E'
features 1n the printed layers near the base of the polishing
pad (e.g., opposite to the polishing surface), and higher
concentrations of a material composition used to form the
hard or high storage modulus E' features 1n the printed layers
near the polishing surface of the polishing pad. In another
example, 1t 1s desirable to have higher concentrations of a
material composition used to form the hard or high storage
modulus E' features 1n the printed layers near the base of the
polishing pad, and a higher concentration of a material
composition used to form the soit or low storage modulus E
teatures 1n the printed layers near the polishing surface of the
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can be used for defect removal and scratch reduction, and
high storage modulus E' features can be used to enhance die

and array scale planarization.

In one embodiment, 1t 1s desirable to form a gradient 1n the
material composition within the matenial used to form the
first and/or second polishing elements in a direction normal
to the polishing surface of the polishing pad. In one example,
it 1s desirable to have higher concentrations of a material
composition used to form the second polishing elements 206
in the printed layers near the base of the polishing pad (e.g.,
opposite to the polishing surface), and higher concentrations
of a material composition used to form the first polishing
clements 204 1n the printed layers near the polishing surface
of the polishing pad. In another example, 1t 1s desirable to
have higher concentrations of a material composition used to
form the first polishing elements 204 1n the printed layers
near the base of the polishing pad, and a higher concentra-
tion of a material composition used to form the second
polishing elements 206 in the printed layers near the pol-
1shing surface of the polishing pad. For example, a first layer
may have a material composition ratio of the first printed
composition to the second printed composition of 1:1, a
material composition ratio of the first printed composition to
the second printed composition of 2:1 1n a second layer and
a material composition ratio of the first printed composition
to the second printed composition of 3:1 1n a third layer. In
one example, the first printed composition has a higher
storage modulus E' contaimng material than the second
printed composition, and the direction of sequential growth
of the first, second and third layers 1s away from a supporting
surface of the advanced polishing pad. A gradient can also
be formed within different parts of a single layer by adjust-
ing the placement of the printed droplets within the plane of
the deposited layer.

Advance Polishing Pad Formation Process Example

In some embodiments, the construction of an advanced
polishing pad 200 begins by creating a CAD model of the
polishing pad design. This can be done through the use of
existing CAD design software, such as Umgraphics or other
similar software. An output file, which 1s generated by the
modelling software, 1s then loaded to an analysis program to
ensure that the advanced polishing pad design meets the
design requirements (e.g., water tight, mass density). The
output file 1s then rendered, and the 3D model i1s then
“sliced” 1into a series of 2D data bitmaps, or pixel charts. As
noted above, the 2D bitmaps, or pixel charts, are used to
define the locations across an X and Y plane where the layers
in the advanced polishing pad will be built. In some additive
manufacturing process applications these locations will
define where a laser will pulse, and in other applications the
location where a nozzle will ¢ject a droplet of a matenial.

The coordinates found in the pixel charts are used to
define the location at which a specific droplet of uncured
polymer will be placed using, for example, a poly jet print
head. Every coordinate for an X and Y location and a given
pad supporting Z stage position will be defined based on the
pixel charts. Fach X, Y and Z location will include either a
droplet dispense or droplet non-dispense condition. Print
heads may be assembled 1n an array in the X and/or Y
directions to increase build rate or to deposit additional types
of materials. In the examples shown 1n FIGS. 4A-4D, the
black pixels indicate locations where nozzles will not
deposit materials and the white pixels indicate where
nozzles will deposit materials. By combining the material
maps, or pixel charts, in each formed layer a polishing pad
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of any desirable shape or structural configuration can be
printed by the positioning of the discrete droplets near one
another.

An additive manufacturing device, such as a 3D printer

can be used to form an advanced polishing pad by depositing
thermoplastic polymers, depositing and curing of a photo-
sensitive resin precursor compositions, and/or laser pulse
type sintering and fusing of a dispensed powder layer. In
some embodiments, the advanced polishing pad formation
process may include a method of polyjet printing of UV

sensitive materials. In this configuration, droplets of a pre-
cursor formulation (e.g., first printable ink composition 359)
are ejected from a nozzle in the droplet ejecting printer 306
and resin precursor composition 1s deposited onto the build
stage. As material 1s deposited from an array of nozzles, the
material may be leveled with the use of a roller or other
means to smooth drops nto a flat film layer or transier away
excess material. While the droplet 1s being dispensed, and/or
shortly thereatter, a UV lamp or LED radiation source passes
over the deposited layer to cure or partially cure the dis-
pensed droplets into a solid polymer network. This process
1s built layer on top of layer with adequate cohesion within
the layer and between layers to ensure the final embodiment
of the pad model 1s mechanically sound.

In order to better control the polymer stress through the
build process, heat may be added during the formation of
one or more of the layers. The delivery of heat allows the
polymer network formed in each cured or partially cured
layer to relax and thereby reduce stress and remove stress
history 1n the film. Stress 1n the film can result in unwanted
deformation of the polishing pad during or after the polish-
ing pad formation process. Heating the partially formed
polishing pad while 1t 1s on the printer’s build tray ensures
that the final pad properties are set through the layer by layer
process and a predictable pad composition and polishing
result can be achieved. In addition to inducing heat nto the
polishing pad formation process, the area surrounding the
growing polishing pad may be modified to reduce the
oxygen exposure to the uncured resin. This can be done by
employing vacuum or by flooding the build chamber with
nitrogen (N,) or other mnert gas. The reduction 1n oxygen
over the growing pad will reduce the inhibition of the free
radical polymerization reaction, and ensures a more com-
plete surface cure of the dispensed droplets.

Formulation and Material Examples

As discussed above, the materials used to form portions of
the pad body 202, such as the first polishing element 204 and
second polishing element 206 may each be formed from at
least one 1nk jettable pre-polymer composition that may be
a mixture of functional polymers, functional oligomers,
reactive diluents, and curing agents to achieve the desired
properties of an advanced polishing pad. In general, the
pre-polymer inks or compositions may be processed after
being deposited by use of any number of means including
exposure or contact with radiation or thermal energy, with or
without a curing agent or chemical imitiator. In general, the
deposited material can be exposed to electromagnetic radia-
tion, which may include ultraviolet radiation (UV), gamma
radiation, X-ray radiation, visible radiation, IR radiation,
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and microwave radiation and also accelerated electrons and
ion beams may be used to mitiate polymerization reactions.
For the purposes of this disclosure, we do not restrict the
method of cure, or the use of additives to aid the polymer-
1zation, such as sensitizers, initiators, and/or curing agents,
such as through cure agents or oxygen inhibitors.

In one embodiment, two or more polishing elements, such
as the first and second polishing elements 204 and 206,
within a unmitary pad body 202, may be formed from the
sequential deposition and post deposition processing of at
least one radiation curable resin precursor composition,
wherein the compositions contain functional polymers,
functional oligomers, monomers, and/or reactive diluents
that have unsaturated chemical moieties or groups, including

but not restricted to: vinyl groups, acrylic groups, meth-
acrylic groups, allyl groups, and acetylene groups. During
the polishing pad formation process, the unsaturated groups
may undergo free radical polymerization when exposed to
radiation, such as UV radiation, 1n the presence of a curing
agent, such as a free radical generating photoinitiator, such
as an Irgacure® product manufactured by BASF of Lud-
wigshafen, Germany.

Two types of free radical photomnitiators may be used 1n

one or more of the embodiments of the disclosure provided
herein. The first type of photoinitiator, which 1s also referred
to herein as a bulk cure photoinitiator, 1s an initiator which
cleaves upon exposure to UV radiation, yielding a free
radical immediately, which may initiate a polymernzation.
The first type of photoinitiator can be usetul for both surface
and through or bulk cure of the dispensed droplets. The first
type ol photoinitiator may be selected from the group
including, but not restricted to: benzoin ethers, benzyl
ketals, acetyl phenones, alkyl phenones, and phosphine
oxides. The second type of photoimitiator, which 1s also
referred to herein as a surface cure photoinitiator, 1s a
photoinitiator that 1s activated by UV radiation and forms
free radicals by hydrogen abstraction from a second com-
pound, which becomes the actual iitiating free radical. This
second compound 1s often called a co-initiator or polymer-
1zation synergist, and may be an amine synergist. Amine
synergists are used to diminish oxygen inhibition, and
therefore, the second type of photoinitiator may be useful for
fast surface cure. The second type of photoimitiator may be
selected from the group including but not restricted to
benzophenone compounds and thioxanthone compounds.
An amine synergist may be an amine with an active hydro-
gen, and 1n one embodiment an amine synergist, such as an
amine containing acrylate may be combined with a benzo-
phenone photomnitiator 1n a resin precursor composition
formulation to: a) limit oxygen ihibition, b) fast cure a
droplet or layer surface so as to fix the dimensions of the
droplet or layer surface, and c), increase layer stability
through the curing process. In some cases, to retard or
prevent iree radical quenching by diatomic oxygen, which
slows or inhibaits the free radical curing mechanism, one may
choose a curing atmosphere or environment that 1s oxygen
limited or free of oxygen, such as an 1nert gas atmosphere,
and chemical reagents that are dry, degassed and mostly free
ol oxygen.

It has been found that controlling the amount of the
chemical 1mitiator 1n the printed formulation 1s an important
factor 1n controlling the properties of a formed advanced
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polishing pad, since the repeated exposure of underlying
layers to the curing energy as the advanced polishing pad 1s
formed will affect the properties of these underlying layers.
In other words, the repeated exposure of the deposited layers
to some amount of the curing energy (e.g., UV light, heat,
ctc.) will aflect the degree of cure, or over curing the surface
of that layer, within each of the formed layers.

Therefore, 1n some embodiments, it 1s desirable to ensure
that the surface cure kinetics are not faster than through-cure
(bulk-cure), as the surface will cure first and block additional
UV light from reaching the material below the surface cured
region; thus causing the overall partially cured structure to
be “under-cured.” In some embodiments, 1t 1S desirable to
reduce the amount of photoinitiator to ensure proper chain
extension and cross linking. In general higher molecular
weight polymers will form with a slower controlled polym-
erization. It 1s believed that i1 the reaction products contain
too many radicals, reaction kinetics may proceed too quickly
and molecular weights will be low which will 1n turn reduce
mechanical properties of the cured material.

In some embodiments, the first and second polishing
clements 204 and 206 may contain at least one oligomeric
and/or polymeric segments, compounds, or materials
selected from: polyamides, polycarbonates, polyesters,
polyether ketones, polyethers, polyoxymethylenes,
polyether sulfone, polyetherimides, polyimides, polyolefins,
polysiloxanes, polysuliones, polyphenylenes, polyphe-
nylene sulfides, polyurethanes, polystyrene, polyacryloni-
triles, polyacrylates, polymethylmethacrylates, polyure-
thane acrylates, polyester acrylates, polyether acrylates,
epoxy acrylates, polycarbonates, polyesters, melamines,
polysulifones, polyvinyl matenals, acrylonitrile butadiene
styrene (ABS), halogenated polymers, block copolymers
and copolymers thereof. Production and synthesis of the
compositions used to form the first polishing element 204
and second polishing element 206 may be achieved using at
least one UV radiation curable functional and reactive
oligomer with at least one of the atorementioned polymeric

and/or molecular segments, such as that shown in chemaical
structure A:

A.
;C CH;
/\‘ F ‘
X N

H/\H/O\F/\o{\/

O

The difunctional oligomer as represented in chemical
structure A, bisphenol-A ethoxylate diacrylate, contains seg-
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polishing element 204 and second polishing element 206 1n
the pad body 202. For example, the aromatic groups may
impart added stiflness to pad body 202 because of some
local ngidity imparted by the phenyl rings. However, those
skilled 1n the art will recognize that by increasing the ether
chain segment “n” will lower the storage modulus E' and
thus produce a softer material with increased flexibility. In
one embodiment, a rubber-like reactive oligomer, polybuta-

diene diacrylate, may be used to create a softer and more
clastic composition with some rubber-like elastic elongation
as shown in chemical structure B:

Polybutadiene diacrylate includes pendant allylic func-
tionality (shown), which may undergo a crosslinking reac-
tion with other unreacted sites of unsaturation. In some
embodiments, the residual double bonds 1n the polybutadi-
ene segment “m” are reacted to create crosslinks which may
lead to reversible elastomeric properties. In one embodi-
ment, an advanced polishing pad containing compositional
crosslinks may have a percent elongation from about 5% to
about 40%, and a E'30:E'90 ratio of about 6 to about 15.
Examples of some crosslinking chemistries include sulfur
vulcanization and peroxide, such as tert-butyl perbenzoate,
dicumyl peroxide, benzoyl peroxide, di-tert-butyl peroxide
and the like. In one embodiment, 3% benzoyl peroxide, by
total formulation weight, 1s reacted with polybutadiene
diacrylate to form crosslinks such that the crosslink density
1s at least about 2%.

Chemical structure C represents another type of reactive
oligomer, a polyurethane acrylate, a material that may

impart flexibility and elongation to the advanced polishing

\[\O/\/]ZO\I(\CHZ

O

pad. An acrylate that contains urethane groups may be an
aliphatic or an aromatic polyurethane acrylate, and the R or

ments that may contribute to the low, medium, and ligh 55 R'groups shown in the structure may be aliphatic, aromatic,

storage modulus E' character of materials found in the first

oligomeric, and may contain heteroatoms such as oxygen.

C.
O 0O 0O O
\)]\ N )J\ /Q/\/§ O~V N )'I\ PN )‘l\/
0O O N \Ior R T \QP\E 0O 0O

X
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Reactive oligomers may contain at least one reactive site,
such as an acrylic site, and may be monofunctional, difunc-
tional, trifunctional, tetrafunctional, pentatunctional and/or
hexafunctional and therefore serve as foci for crosslinking.
FIG. 5B 1s a plot of stress vs. strain for some cured reactive
oligomers that may be usetul for creating 3D printable ik
compositions. The oligomers may represent “soit” or a low
storage modulus E' materials, “medium soft” or medium
storage modulus E' materials, or “hard” or high storage
modulus E' materials (e.g., Table 1). As shown, the storage
modulus E' (e.g., slope, or Ay/AX) increases from a soit and
flexible and stretchable polyurethane acrylate to an acrylic
acrylate, then to a polyester acrylate, and then to the hardest
in the series, a hard and high storage modulus E" epoxy
acrylate. FIG. 5B illustrates how one may choose a storage
modulus E' matenial, or a range or mixture of storage
modulus E' matenals, that may be usetul for production of
an advanced polishing pad. Functional oligomers may be
obtained from a variety of sources including Sartomer USA
of Exton, Pa., Dymax Corporation of Torrington, Conn.,
USA, and Allnex Corporation of Alpharetta, Ga., USA.

In embodiments of the disclosure, multifunctional acry-
lates, including di, tr1, tetra, and higher functionality acry-
lates, may be used to create crosslinks within the material
used to form, and/or between the materials found 1n, the first
polishing element 204 and second polishing element 206,
and thus adjust polishing pad properties including storage
modulus E', viscous dampening, rebound, compression,
clasticity, elongation, and the glass transition temperature. It
has been found that by controlling the degree of crosslinking
within the various materials used to form the first polishing
clement 204 and second polishing element 206 desirable pad
properties can be formed. In some configurations, multi-
functional acrylates may be advantageously used 1n lieu of
rigid aromatics in a polishing pad formulation, because the
low viscosity family of materials provides a greater variety
of molecular architectures, such as linear, branched, and/or
cyclic, as well as a broader range of molecular weights,
which 1n turn widens the formulation and process window.
Some examples of multifunctional acrylates are shown 1n
chemical structures D (1,3,5-triacryloylhexahydro-1,3,5-1r1-
azine), and E (trimethylolpropane triacrylate):

D.
0 O
H"‘C\)J\ )J\/CH2
™ N N N P
(A
CH,
O)\/
E.

O O

CH
\)‘\O:X:O)I\/ 2
H;C O

\IK\CHz
The type or crosslinking agent, chemaical structure, or the

O
mechanism(s) by which the crosslinks are formed are not
restricted 1n the embodiments of this disclosure. For

H,C
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example, an amine containing oligomer may undergo a
Michael addition type reaction with acrylic moiety to form
a covalent crosslink, or an amine group may react with an
epoxide group to create a covalent crosslink. In other
embodiments, the crosslinks may be formed by 1onic or
hydrogen bonding. The crosslinking agent may contain
linear, branched, or cyclic molecular segments, and may
turther contain oligomeric and/or polymeric segments, and
may contain heteroatoms such as nitrogen and oxygen.
Crosslinking chemical compounds that may be useful for
polishing pad compositions are available from a variety of
sources including: Sigma-Aldrich of St. Louis, Mo., USA,
Sartomer USA of Exton, Pa., Dymax Corporation of Tor-
rington, Conn., USA, and Allnex Corporation of Alpharetta,
Ga., USA.

As mentioned herein, reactive diluents can be used as
viscosity thinming solvents that are mixed with high viscos-
ity functional oligomers to achieve the appropriate viscosity
formulation, followed by copolymerization of the diluent(s)
with the higher viscosity functional oligomers when exposed
to a curing energy. In one embodiment, when n~4, the
viscosity of bisphenol-A ethoxylate diacrylate may be about
1350 centipoise (cP) at 25° C., a viscosity which may be too
high to effect dispense of a such a material 1n a 3D printing
process. Therefore, 1t may be desirable to mix bisphenol-A
cthoxylate diacrylate with a lower wviscosity reactive
diluents, such as low molecular weight acrylates, to lower
the viscosity to about 1 cP to about 100 cP at 25° C., such
as about 1 cP to about 20 cP at 25° C. The amount of reactive
diluent used depends on the viscosity of the formulation
components and the diluent(s) themselves. For example, a
reactive oligomer of 1000 cP may require at least 40%
dilution by weight of formulation to achieve a target vis-
cosity. Examples of reactive diluents are shown in chemaical
structures F (1sobornyl acrylate), G (decyl acrylate), and H
(glycidyl methacrylate):

E.
,C CH;
CH;
L7
7/\(3}12
O
Q.
O
‘ O CH;
CH,
H.
O
H,C
\ O/ﬁ
CHj, O

The respective viscosities of F-G at 25° C. are 9.5 cP, 2.5 cP,
and 2.7 cP, respectively. Reactive diluents may also be
multifunctional, and therefore may undergo crosslinking
reactions or other chemical reactions that create polymer
networks. In one embodiment, glycidyl methacrylate (H),
serves as a reactive diluent, and 1s mixed with a difunctional
aliphatic urethane acrylates, so that the viscosity of the
mixture 1s about 15 cP. The approximate dilution factor may
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be from about 2:1 to about 10:1, such as about 5:1. An amine
acrylate may be added to this mixture, such as dimethyl-
aminoethyl methacrylate, so that 1t 1s about 10% by weight
of the formulation. Heating the mixture from about 25° C. to
about 75° C. causes the reaction of the amine with the
epoxide, and formation of the adduct of the acrylated amine
and the acrylated epoxide. A suitable free radical photoini-
tiator, such as Irgacure® 651, may be then added at 2% by
weilght of formulation, and the mixture may be dispensed by
a suitable 3D printer so that a 20 micron thick layer is
formed on a substrate. The layer may then be cured by
exposing the droplet or layer for between about 0.1 us to
about 10 seconds (ms), such as about 15 seconds, to UV
light from about 200 nm to about 400 nm using a scanning
UV diode laser at an mtensity of about 10 to about 50
mJ/cm® to create a thin polymer film. Reactive diluent
chemical compounds that may be useful for 3D printed
polishing pad compositions are available from a variety of
sources 1ncluding Sigma-Aldrich of St. Louis, Mo., USA,
Sartomer USA of Exton, Pa., Dymax Corporation of Tor-
rington, Conn., USA, and Allnex Corporation of Alpharetta,
Ga., USA.

Another method of radiation cure that may be useful 1n the
production of polishing pads 1s cationic cure, initiated by
UV or low energy electron beam(s). Epoxy group containing,
materials may be cationically curable, wherein the ring
opening polymerization of epoxy groups may be initiated by
cations such as protons and Lewis acids. The epoxy mate-
rials may be monomers, oligomers or polymers, and may
have aliphatic, aromatic, cycloaliphatic, arylaliphatic or
heterocyclic structures; and they can also include epoxide
groups as side groups or groups that form part of an alicyclic
or heterocyclic ring system.

UV-mitiated cationic photopolymerization exhibits sev-
eral advantages compared to the free-radical photopolymer-
ization including lower shrinkage, better clanty, better
through cure via living polymerization, and the lack of
oxygen mhibition. UV cationic polymerization may polym-
erize important classes of monomers which cannot be
polymerized by free radical means, such as epoxides, vinyl
cthers, propenyl ethers, siloxanes, oxetanes, cyclic acetals
and formals, cyclic sulfides, lactones and lactams. These
cationically polymerizable monomers include both unsatu-
rated monomers, such as glycidyl methacrylate (chemical
structure H) that may also undergo free-radical polymeriza-
tion through the carbon-carbon double bonds as described
herein. Photoinitiators that generate a photoacid when 1rra-
diated with UV light (~225 to 300 nm) or electron beams
include, but are not limited to aryl ontum salts, such as
iodonium and sulfonium salts, such as triarylsulfonium
hexafluorophosphate salts, which may be obtained from
BASF of Ludwigshaten, Germany (Irgacure® product).

In one embodiment, the material(s) used to form the first
polishing element 204 and the second polishing element
206, and thus the unitary pad body 202, may be formed from
the sequential deposition and cationic cure of at least one
radiation curable resin precursor composition, wherein the
compositions contain functional polymers, functional oli-
gomers, monomers, and/or reactive diluents that have epoxy
groups. Mixed free radical and cationic cure systems may be
used to save cost and balance physical properties. In one
embodiment, the first polishing element 204 and the second
polishing element 206, may be formed from the sequential
deposition and cationic and free radical cure of at least one
radiation curable resin precursor composition, wherein the
compositions contain functional polymers, functional oli-
gomers, monomers, reactive diluents that have acrylic
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groups and epoxy groups. In another embodiment, to take
advantage of the clarity and lack of light absorption inherent
in some cationically cured systems, an observation window
or CMP end-point detection window, which 1s discussed
turther below, may be formed from a composition cured by
the cationic method. In some embodiments, some of the

layers 1n the formed advanced polishing pad may be formed
by use of a cationic curing method and some of the layers
may be formed from a free radical curing method.

In one embodiment, the 3D printed polymer layers may
contain 1norganic and/or organic particles that are used to
enhance one or more pad properties of selected material
layers found in the formed advanced polishing pad 200.
Because the 3D printing process nvolves layer by layer
sequential deposition of at least one composition per layver,
it may also be desirable to additionally deposit inorganic or
organic particles disposed upon or within a pad layer to
obtain a certain pad property and/or to perform a certain
function. The 1norganic or organic particles may be in the 25
nanometer (nm) to 100 micrometer (um) range in size and
may be added to the precursor materials prior to being
dispensed by the droplet ¢jecting printer 306 or added to an
uncured printed layer 1n a ratio of between 1 and about 50
weight percent (wt %). The mnorganic or organic particles
may be added during the advanced polishing pad formation
process to 1mprove the ultimate tensile strength, improve
yield strength, improve the stability of the storage modulus
over a temperature range, improve heat transier, adjust a
surfaces zeta potential, and/or adjust a surface’s surface
energy. The particle type, chemical composition, or size, and
the added particles may vary by application or desired effect
that 1s to be achieved. In some embodiments, the particles
may include intermetallics, ceramics, metals, polymers and/
or metal oxides, such as ceria, alumina, silica, zirconia,
nitrides, carbides, or a combination thereof. In one example,
the inorganic or organic particles disposed upon, over or
within a pad may include particles of high performance
polymers, such PEEK, PEK, PPS, and other similar mate-
rials to improve the mechanical properties and/or thermal
conductivity of the advanced polishing pad. The particles
that are integrated 1n a 3D printed polishing pad may also
serve as foci for crosslinking, which may lead to a higher
storage modulus E' depending on a percent by weight
loading. In another example, a polymer composition con-
taining polar particles, such as ceria, may have a further
aflinity for polar maternials and liquids at the pad surface,
such as CMP slurries.

Advanced Polishing Pad Properties

An advantage of forming an advanced polishing pad 200
that has a pad body 202 that includes at least a first polishing
clement 204 and a second polishing element 206 1s the
ability to form a structure that has mechanical, structural and
dynamic properties that are not found 1n a pad body that 1s
formed from a single material composition. In some
embodiments, it 1s desirable to form a polishing body 202
that includes at least one region in which the first polishing
clement 204 1s disposed over and supported by a portion
(e.g., portion 212A 1 FIG. 2A) of the second polishing
clement 206. In this configuration, the combination of the
properties of the two materials and structural configuration
can be used to form an advanced polishing pad that has
desirable mechanical, structural and dynamic properties, and
improved polishing performance over conventional polish-
ing pad designs.
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Materials and chemaical structure of the materials 1 the
first polishing element(s) 204 and/or the second polishing
clement(s) 206 may be selected to achieve a “tuned” bulk
material by use of the aforementioned chemistries. An
advanced polishing pad 200 formed with this “tuned” bulk
material has various advantages, such as improved polishing
results, reduced cost of manufacturing, and elongated pad
life. In one embodiment, an advanced polishing pad 200,
when measured as a whole, may have a hardness between
about 25 shore A to about 75 shore D, a tensile strength of
between 5 MPa and about 75 MPa, an elongation at break of
between about 5% and about 350%, a shear strength of
above about 10 MPa, and a storage modulus E' modulus
between about 5 MPa and about 3000 MPa.

As discussed above, materials having different mechani-
cal properties may be selected for use in the first polishing
clement 204 and/or second polishing element 206 to achieve
an 1mproved polishing result on a polished substrate. The
mechanical properties, such as storage modulus E' of the
material(s) found 1n the formed first polishing element 204
and/or second polishing element 206, may be created by
selecting different materials, material compositions and/or
choosing different post deposition processing steps (e.g.,
curing processes) used during the polishing element forming
process. In one embodiment, the second polishing element
206 may have a lower hardness value and a lower value of
storage modulus E', while the first polishing element 204
may have a higher hardness value and a higher value of
storage modulus E'. In another embodiment, storage modu-
lus E' may be adjusted within each polishing element 204,
206 and/or at various different locations across the polishing
surface of the polishing pad. In one embodiment, the first
polishing elements 204 may have a hardness of about 40
Shore D scale to about 90 Shore D scale. The second
polishing element 206 may have a hardness value between
about 26 Shore A scale to about 95 Shore A scale. The first
polishing element 204 and second polishing element 206
may each include different chemical compositions that are
co-mingled and chemically bonded together at multiple
boundaries within the unmitary pad body 202.

For the purposes of this disclosure, and without intending,
to limait the scope of the disclosure provided herein, mate-
rials having desirable low, medium, and/or high storage

modulus E' properties at temperatures of 30° C. (E'30) and

90° C. (E'90) for the first polishing elements 204 and the
second polishing elements 206 in an advanced polishing pad
200, are summarized in Table 2:

TABLE 2

High Storage
Modulus
Compositions

Medium Storage
Modulus
Compositions

Low Storage
Modulus
Compositions

E'30
E'90

5 MPa-100 MPa
<17 MPa

100 MPa-500 MPa
<83 MPa

500 MPa-3000 MPa
<500 MPa

In one embodiment of an advanced polishing pad 200, a
plurality of first polishing elements 204 are configured to
protrude above one or more second polishing elements 206,
so that during a polishing process the surface of a substrate
110 1s polished using the polishing surface 208 of the first
polishing elements 204. In one embodiment, to assure that a
desirable planarity, polishing efliciency, and reduced dishing
during a bulk material polishing step 1t 1s desirable to form
the first polishing elements 204, which contact the surface of
the substrate during the polishing process, with a material
that has a high storage modulus E', such as defined 1n Table
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2. However, 1n one embodiment, to assure that a desirable
planarity, polishing efliciency, and reduced dishing during a
builing or residual material clearing step 1t may be desirable
to form the first polishing elements 204, which contact the
surface of the substrate during the polishing process, with a
material that has a low or medium storage modulus E'.

In some embodiments, the storage modulus of the first
polishing elements 204 1s adjusted to mimimize the effect of
pad glazing, which cause the polishing process removal
rates to reduce over time 1n the absence of a process of
abrading the glazed surface of the used polishing pad (i.e.,
pad conditioning). It 1s believed that pad glazing 1s caused
by the plastic deformation of the materials that contact the
surface of the substrate, which 1s inversely proportional to
the shear modulus (G') as shear forces on the pad surface
cause the “cold tlow” or plastic deformation of the contact-
ing material. For an 1sotropic solid, the shear modulus 1s
generally related to the storage modulus by the following
equation: G'=E'/2(1+v), where v 1s Poison’s ratio. Thus, the
materials used to form the first polishing elements 204 that
have a low shear modulus, and thus storage modulus, would
have a faster rate of plastic deformation and thus formation
of glazed areas. Therefore, it 1s also desirable to form the
first polishing elements 204 with a material that has a high
storage modulus E' and/or hardness, as defined above.

To assure that a glazed surface of a polishing pad can be
rejuvenated by use of a pad conditioning process, 1t 1s also
desirable for the matenal(s) used to form the first polishing
clements 204 to have desirable tensile strength and percent
clongation at fracture. In some embodiments, the ultimate
tensile strength (UTS) of the material used to form the first
polishing elements 204 1s between about 2350 ps1 and 9,000
psi. It 1s believed that the higher the UTS of the material
used to form the first polishing elements 204 the more
durable and less particulate formation prone the polishing
pad material will be before, during or after performing the
pad conditioning process. In one example, the UTS of the
material used to form the first polishing elements 204 1s
between about 5,000 psi and about 9,000 psi. In some
embodiments, the elongation at fracture of the maternial used
to form the first polishing elements 204 1s between about 5%
and 200%. It 1s believed that the lower the elongation at
fracture of the material used to form the first polishing
elements 204 the less deformable the material will be, and
thus the easier to maintain the surface micro-texture or
asperities which allow for abrasive capture and slurry trans-
port. In one embodiment, the elongation at fracture of the
material used to form the first polishing elements 204 that 1s
configured to touch the polished surface of a substrate is
adjusted to be between about 5% and about 40%.

There 1s a need to also provide a polishing pad that has
desirable dampening properties to reduce the elastic rebound
of a pad during polishing, which can cause dishing and other
negative attributes relating to the cyclic deformation of the
pad during processing. Therefore, to compensate for the
need for a high storage modulus E' matenal to contact the
surface of the substrate during polishing, the second polish-
ing element 206, which 1s positioned to support the first
polishing element 204, 1s formed from a maternal that has
lower storage modulus E'.

In one example, an advanced polishing pad 200 may
include the tan o properties illustrated in FIG. SA. FIG. 5A
includes tan o6 data (1 Hz, ramp rate 5° C./min) for a first
polishing pad material (e.g., curve 391), a second polishing
pad material (e.g., curve 392), and an advanced polishing
pad configuration (e.g., curve 393) that contains regions that
include eirther the first polishing pad matenial (e.g., soft
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material) or the second polishing pad material (e.g., hard
maternial). As illustrated, the tan 0 data contains separate and
discrete tan O peaks for the first and second materials, as
shown by curves 591 and 592. In contrast the tan ¢ peaks for
the advanced polishing pad material, curve 593, are broad-
ened and coalesced, which 1s indicative of molecular scale
mixing, chain entanglement, chemical bonding and/or a
compositional gradient between the first polishing pad mate-
rial, such as found in a second polishing element 206, and
the second polishing pad matenal, such as found 1n a first
polishing element 204. It has been found that a tan o
maximum of between about 0.1 and about 3 between a
temperature of 30° C. and 90° C. 1s useful to minimize the
amount of dishing, planarization efliciency and other related
polishing non-uniformaity.

In an eflort to further control process repeatability,
another parameter that can be controlled 1n an advanced
polishing pad 1s a pad material’s “recovery.” FIG. 3C
illustrates a plot of storage modulus E' as a function of
temperature taken over a number of simulated polishing
cycles for a material that may form part of the first polishing
clements 204 or the second polishing element 206. The plot
580 1ncludes a plurality of curves that measure the drop 1n
storage modulus E' from an 1nitial starting storage modulus
value 576 as the polishing pad heats up from a starting
temperature of about 30° C. to a final steady state polishing,
temperature about 90° C. (e.g., storage modulus value 588),
and as the pad cools down from about 90° C. to a final
temperature about 30° C. during each polishing cycle. For
illustration purposes and clarity of discussion the plot 1n
FIG. SC illustrates data for three polishing cycles, which
includes a first polishing cycle that includes curves 582 and
583, a second polishing cycle that includes curves 584 and
585 and a third polishing cycle that includes curves 586 and
587. As shown in FIG. 5C, at the end of each cycle 577-579
there 1s a drop in the measured storage modulus due to
relaxation of the stress found in the polishing pad material
and/or at least partial reconfiguration of bonding structure of
the polymeric materials that likely occurs at the higher
polishing temperatures when a higher load 1s applied during
the polishing process. How well a material recovers after a
number of successive cycles 1s known as a material’s ability
to “recover.” Recovery 1s typically measured as a percentage
of the drop 1n the magnitude of a property of a matenial (e.g.,
storage modulus) from the starting point 376 to a stable
equilibrium point 579 that 1s measured at the same point 1n
a polishing cycle. Recovery can be calculated by measuring
the ratio of the ending value 389 to the starting value 590
times a hundred. To assure polishing process stability, 1t 1s
generally desirable for the recovery of the materials 1n a
polishing pad to be as large as possible, and thus it 1s
believed that the recovery needs to be at least greater than
50%, or even greater than or equal to about 70% using a
dynamic mechanical analysis (DMA) test that 1s configured
to simulate a CMP process. In one example, the DMA test
1s between about 5-10 minutes long, such as about 8 minutes
long, and the maximum temperature ramp rate 1s about 5°
C./min, which 1s intended to simulate a standard CMP
process. The DMA test 1s used to emulate pad heating which
takes place on the polisher due to iriction between the
substrate, slurry, retaining ring, and polishing pad. Heat
tends to build up through the polishing run and is then
rapidly quenched between substrate processing steps, due to
normal tluid convection or conduction of heat away from the
pad. In some embodiments, to assure the polishing pad has
a desirable recovery, and thus assure that the polishing
process 1s stable, 1t 1s desirable to adjust the composition of
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the precursor formulation and/or curing process parameters
to control the stress in the formed layer and/or degree of
cross linking. In some embodiments, it may also be desirable
to anneal the advanced polishing pad prior to use 1 a
polishing process.

It 1s also believed that to maintain optimal polishing
uniformity and polishing performance on a substrate, the
E'30:E'90 ratio of the pad materials should be controlled and
adjusted as needed. To that end, in one embodiment, the
E'30:E'90 ratio of the one or more of the formed pad
materials (e.g., material used to form first polishing element
204), and/or the overall advanced polishing pad 200, may be
greater than or equal to 6, such as between about 6 and about
15. The polishing pad may have a stable storage modulus E'
over a temperature range of about 25° C. to about 90° C.
such that storage modulus E' ratio at E'30/E'90 falls within
the range between about 6 to about 30, wherein E'30 1s the
storage modulus E' at 30° C. and E'90 1s the storage modulus
E' at 90° C. Polishing pads that have an E'30:E'90 ratio that
1s 6 or higher are usetul to reduce scratch type defects often
created when using high storage modulus E' materials at
temperatures that are below steady state processing tem-
peratures seen during normal processing. In other words, as
the temperature rises in the materials, which are in contact
with the substrate during processing, the materials will tend
to soften a larger extent than materials having a lower
E'30:E'90 ratio, which will thus tend to reduce the possibility
of scratching the surface of the substrate. The material
soltening through the polish process can impact the sub-
strate-to-substrate stability of the process i unfavorable
ways. However, high E'30:E'90 ratio matenials may be
useiul where the initial portion (e.g., 10-40 seconds) of a
polish process needs a high storage modulus 1n the polishing
surface materials, and then as the temperature continues to
increase to levels i which the polishing surface materials
become compliant, the polishing surface materials finish the
polishing process 1n a bull or scratch reducing mode.

In some embodiments, 1t 1s desirable to control the
thermal conductivity of various sections of the advanced
polishing pad to allow for the control one or more aspects of
the polishing process. In one embodiment, it 1s desirable to
increase the thermal conductivity of the overall advanced
polishing pad 1n a direction normal to the polishing surface,
such as the Z-direction 1n FIGS. 1A-2K. In this example, the
increased thermal conductivity 1n the Z-direction, over tra-
ditional polishing pad formulations, allows the polishing pad
surface temperature to be maintained at a lower temperature,
due the ability to more easily conduct the heat generated at
the polishing pad surface during processing to the large
thermal mass and/or often cooled polishing platen on which
the advanced polishing pad i1s positioned. The reduced
polishing process temperature will reduce the polishing
process variability often seen when polishing a first substrate
in a batch of substrates versus the last substrate 1n the batch
(e.g., 25" substrate), and reduce the degradation of material
properties often found 1n polymeric materials (e.g., storage
modulus E', E' ratio, etc.) over the batch of substrates.
Alternately, in some embodiments, 1t 1s desirable to reduce
the thermal conductivity of the overall advanced polishing
pad 1n a direction normal to the polishing surface, such as the
Z-direction 1n FIG. 1A. In this case, the reduced thermal
conductivity in the Z-direction, over traditional polishing
pad formulations, allows the polishing pad surface tempera-
ture to rapidly rise to an equilibrium processing temperature
during polishing, due the reduced ability of the polishing pad
to conduct the heat generated at the polishing pad surface
during processing to the polishing platen on which the
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advanced polishing pad 1s positioned. The often higher, but
more stable, polishing process temperatures can also be used
to reduce the polishing process variability often seen when
polishing a first substrate 1n a batch of substrates versus the
last substrate in the batch (e.g., 257 substrate).

Theretfore, 1n some embodiments, 1t 1s desirable to add
one or more fillers, particles or other materials to the first
polishing elements 204 and/or second polishing element(s)
206 during the formation process to adjust the thermal
conductivity of the advanced polishing pad 200 in the any
direction (e.g., X, Y or Z-directions) within the polishing pad
by use of one or more of the additive manufacturing process
described herein. The thermal conductivity of polymers has
been traditionally enhanced by the addition of thermally
conductive fillers, including graphite, carbon black, carbon
fibers, and nitrides, so a polishing pad formulation and
composition may contain thermally conductive particles and
compounds such as boron nitride, to increase the thermal
conductivity of a polishing pad. For example, a conventional

polishing pad without a thermally conductive filler may have
a thermal conductivity of about 0.1 W/m'K to about 0.5
W/m-K at 25° C. In one embodiment, boron nitride, with a
thermal conductivity of about 250 W/m-'K 1s added to a
polishing pad, at about 10 wt % based on formulation. The
layers containing boron nitride may be deposited at and/or
near the pad surface that contacts the substrate being pol-
1shed, and that may be subjected to the most heating due to
frictional polishing forces generated during polishing. In one
embodiment, the additional boron nitride particles increased
the thermal conductivity of the polishing pad from about
10% to about 25%, and thus increased the life of the
polishing pad by about two times. In another embodiment,
polymer layers at or near the polishing surface, such as first
polishing element 204, may contain particles that aid in the
removal of substrate metals and/or metal oxides.

In one embodiment, a percent by weight of silica particles
in the surface layers may be from about 0.1% to about 30%
by weight of formulation, such as 10% by weight, and by
which may increase the Shore hardness and modulus of such
a coating from about 10% to about 50%. In one embodiment,
the particle surface may be chemically modified so that the
particles may be well mixed and/or suspended 1 a 3D
polishing pad ink, and thus more easily dispensed, without
phase separation. Chemical modifications 1include the
chemical binding of surfactant like molecules to the polar
surface of a particle by a “coupling agent, such as a silane
coupling agent. Other coupling agents that may be useful
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include titanates and zirconates. The chemical binding,
coupling, or attachment of a coupling agent to a particle may

occur by chemical reactions such as hydrolysis and conden-
sation. Coupling agents and related chemical compounds
described herein are available from a number of sources,
including Gelest Incorporated of Morrisville, Pa., USA, and
Sigma-Aldrich Chemical Company, of St. Louis, Mo., USA.

In one embodiment, the unitary pad body 202 may have
pores that contain air or another gas. The pores may be
generated by radiation or thermally induced generation of
gaseous materials. In one embodiment, an advanced polish-
ing pad pre-polymer composition may contain compounds,
polymers, or oligomers that are thermally labile and that
may contain ol thermally labile groups. The porogens and
thermally labile groups may be cyclic groups, such as
unsaturated cyclic organic groups. The porogen may com-
prise a cyclic hydrocarbon compound. Some exemplary
porogens include, but are not restricted to: norbornadiene
(BCHD, bicycle(2.2.1)hepta-2,5-diene), alpha-terpinene
(ATP), vinylcyclohexane (VCH), phenylacetate, butadiene,
1soprene, and cyclohexadiene. In one embodiment, a pre-
polymer layer 1s deposited that contains a radiation curable
oligomer with a covalently bound porogen group. After
exposure to UV radiation and heat, a porous polymer layer
may be formed by the eflusion of the porogen group. In
another embodiment, a plurality of porous layers may be
formed by sequential layer deposition and pore formation. In
other embodiments, pores may be generated by thermally
induced decomposition of compounds that form a gas by-
product, such as azo compounds, which decompose to form
nitrogen gas.

Advanced Polishing Pad Formulation Examples

As noted above, 1n some embodiments, one or more of the
materials that are used to form at least one of the two or more
polishing elements, such as the first and second polishing
clements 204 and 206, 1s formed by sequentially depositing
and post deposition processing of at least one curable resin
precursor composition. In general, the curable resin precur-
sor compositions, which are mixed during the precursor
formulation process performed in the precursor delivery
section 353 of the additive manufacturing system 350, will
include the formulation of resin precursor compositions that
contain functional oligomers, reactive diluents and curing
components, such as initiators. Examples of some of these
components are listed in Table 3.

TABLE 3
Tg UTS

Information Functionality (° C.)  (psi1) % Elongation
Aliphatic urethane 2 27 5378 79
acrylate oligomer
Aliphatic hexafunctional 6 145 11,000 1
urethane acrylate
Low viscosity diacrylate 2 26 1,600 10
oligomer
Aliphatic hexafunctional 6 120
acrylate
Multifunctional urethane 3.4 46 3045 2
acrylate oligomer
Dipropylene glycol 2 104 2938 5
diacrylate
2-Propenoic acid, 2- 1 5 19 236

phenoxyethyl ester
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TABLE 3-continued
Reference Material Tg UTS
Name Information Functionality (° C.)  (psi1)
M3 Tertio-butyl 1 41
cyclohexanol acrylate
(TBCHA)
M4 Polyether-modified
polydimethylsiloxane
M5 CTFA 2 Ethers 1 32 —
M6 FEOEO-EA 1 -54 —
Pl 2-Hydroxy-2-methyl-1- N/A N/A
phenyl-propan-1-one
P2 4-Phenylbenzophenone N/A N/A
Al Acrylated amine <1 N/A  NA

synergist

Examples of functional oligomers can be found 1n items
0O1-05 1n Table 3. Examples of functional reactive diluents
and other additives can be found 1n 1tems M1-M6 1n Table
3. Examples of curing components are found in items P1-P2

and Al in Table 3. Items O1-O3, M1-M3 and M5-M6 found

in Table 3 are available from Sartomer USA, item O4 1s
available from Miwon Specialty Chemicals Corporation of

Korea, item O35 1s available from Allnex Corporation of
Alpharetta, Ga., USA, item M4 i1s available from BYK-
Gardner GmbH of Germany and items P1-P2 and Al are
available from Chiba Specialty Chemicals Inc. and RAHN
USA Corporation.

One advantage of the additive manufacturing processes
described herein includes the ability to form an advance
polishing pad that has properties that can be adjusted based
on the composition of the materials and structural configu-
ration of the various materials used within the pad body
structure. The information below provides some examples
of some material formulations and the affect that varying
various components 1n these formulations and/or processing,
techniques have on some of the properties needed to form an
advanced polishing pad that will achieve improved polishing
results over conventional polishing pad designs. The infor-
mation provided in these examples can be used to form at
least a portion of the advanced polishing pad 200, such as
part of the first polishing element 204, the second polishing
clement 206, or both the first and second polishing elements
204 and 206. The examples provided herein are not intended
to be limiting as to the scope of the mmvention provided
herein, since other similar chemical formulations and pro-
cessing techniques can be used to adjust some of the
properties described herein.

Examples of the curable resin precursor composition
components, which are described above and below, are
intended to be comparative examples and one skilled 1n the
art can find other suitable monomers/oligomers from various
sources to achieve the desired properties. Some examples for
reactive diluents are 2-ethylhexyl acrylate, octyldecyl acry-
late, cyclic trimethylolpropane formal acrylate, caprolactone
acrylate and alkoxylated lauryl methacrylate. The first mate-

rial 1s available from Sigma-Aldrich, and the balance may be
obtained from Sartomer USA and/or Rahn AG USA (SR

series 203, 217, 238, 242, 306, 339, 355, 368, 420, 484, 502,
S06A, 508, SR 531, 530, 385, 493B, 256, 257, 283, 611,
506, 8338, and 9003B, CD series 421A, 535, 545, 553, 590,
730, and 9075, Genomer series 1116, 1117, 1119, 1121,
1122, 5142, 5161, 5275, 6038, 7151, and 7210, Genocure
series, BP, PBZ, PMP, DETX, ITX, LBC, LBP, TPO, and
TPO-L, and Miramer series, M120, M130, M140, M164,
M166, and M170). Some examples for difunctional cross-
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% Elongation

N/A

N/A
N/A

linkers are bisphenol A glycerolate dimethacrylate, ethylene
glycol dimethacrylate, diethylene glycol dimethacrylate, tet-
racthylene glycol dimethacrylate, 1,6-hexanediol diacrylate
and 1,4-butanediol diacrylate, which may be obtained from
Sigma-Aldrich. Some examples of oligomers could include
aliphatic oligomers (CN series 131, 131B, 132, 152, 308,
549, 2910, 3100 and 3105 from Sartomer USA), polyester
acrylate oligomers (CN series 292, 293, 294E, 299, 704,
2200, 2203, 2207, 2261, 2261LV, 2262, 2264, 2267, 2270,
2271E, 2273, 2279, 2282, 2283, 2285 and 2303 from
Sartomer USA) and aliphatic urethane oligomers (CN series
029, 939, 961HR81, 962, 969, 964A85, 965, 968, 980, 986,
089, 991, 992, 996, 2921, 9001, 9007, 9013, 9178 and 9783
from Sartomer USA). The agents or additives could be
supplied from BYK, such as 3550, 3560, 307, 3778, 1791,
1794, 9077, A5135, AS535, JET9510, JET9311, P9908,
UV3500, UV3535, DISPERBYKI168, and DIS-
PERBYK?2008. The first type photoimitiator could be from
BASE, such as Irgacure series 184, 2022, 2100, 250, 270,
295, 369, 379, 500, 651, TPO, TPO-L, 754, 784, 819, 907,
1173, or 4265. Additionally, other functional oligomers and
resin precursor composition components can be purchased
from Allnex Corp., such as the Ebecryl series (EB): 40, 33,
80, 81, 83, 110, 114, 130, 140, 150, 152, 154, 168, 170, 180,
220, 230, 242, 246, 264, 265, 270, 271, 284, 303, 350, 411,
436, 438, 450, 452, 524, 571, 600, 6035, 608, 657, 745, 809,
810, 811, 812, 830, 860, 870, 871, 885, 888, 889, 893, 1258,
1290, 1291, 1300, 1360, 1710, 3200, 3201, 3411, 3415,
3418, 3500, 3600, 3700, 3701, 3720, 4265, 4827, 4833,
4849, 4858, 4883, 5129, 7100, 8100, 8296, 8301, 8311,
8402, 8405, 8411, 8412, 8413, 8414, 8465, 83501, 8602,
8701, 8702, 8804, 8807, 8808, and 8810.

E30:E'90

Example 1—Storage Modulus E' and
Ratio Control Example

The selection, formulation and/or formation of materials
that have a desirable storage modulus E' and E'30:E'90 ratio
in desirable regions of an advanced polishing pad by use of
an additive manufacturing process 1s an important factor in
assuring that the polishing results achieved by the advanced
polishing pad are uniform across a substrate. It 1s noted that
storage modulus E' 1s an intrinsic material property of a
formed maternial, which results from the chemical bonding
within a cured polymeric material. Storage modulus may be
measured at a desired temperature, such as 30° C. and 90°
C. using a dynamic mechanical analysis (DMA) techmique.
Examples of formulations that contain different storage
modul1 are illustrated below 1n Table 4.
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TABLE 4
Material Composition Formulation
Item (See Table 3 Composition E'30 E'90
No. Ref. Name) (wt %) (MPa) (MPa)
1 O1:M3 45:55 404 3.6
2 O1:M1 45:55 1595 169.5
3 O1:M3:M1:M2 45:22:22:11 680 10.4
4 04:01:M3:M1:M2 30:15:22:22:11 925 3854

Referring to Table 3 and items 1 and 2 1n Table 4, creating
a formulation that contains resin precursor components (e.g.,
monomers, oligomers, reactive diluents and other materials
that contain chemically active functional groups or seg-
ments) that have a higher functionality than other resin
precursor components results 1n an increased storage moduli
E' at different temperatures, while the E'30:E'90 ratio of the
formed material can be decreased. Changing the resin pre-
cursor component from a type M3, which has a functionality
of 1, to a resin precursor component of type M1, which has
a functionality of 2, in the formulation increases the storage
modulus E' at 30° C. by nearly 400%, while the E'30:E'90
ratio dropped to about 8% of 1ts original value. Similarly,
comparing 1tems 3 and 4 1n Table 4, one will note that by
adding a multifunctional oligomer to a formulation that the
storage moduli E' at diflerent temperatures can be moder-
ately increased, while the E'30:E'90 ratio of the formed
material can be greatly decreased. Thus, by adding the
multifunctional oligomer O4, which has a functionality of 6,
to a formulation, the storage modulus E' at 30° C. was only
increased by 136%, while the E'30:E'90 ratio dropped to
about 4% of 1ts original value. While not intending to be
bound by theory, it 1s believed that by increasing the degree
of crosslinking within a formed polymer material, due to the
addition of components to a droplet formulation that have an
increased functionality, has a significant effect on the storage
modulus E' at higher temperatures (e.g., 90° C.) and thus has
a significant effect on the E'30:E'90 ratio. Therefore, 1n some
embodiments of the disclosure, precursor components that
have a functionality of two or greater are used in the
formulations used to form the harder maternial regions (e.g.,
first polishing elements 204) in the advanced polishing pad
200. In the same way, solter regions of the advanced
polishing pad 200 may be formed by use of formulations that
have a lesser functionality than the harder regions in the
polishing pad. Therefore, in some embodiments of the
disclosure, precursor components that have a functionality
of two or less are used 1n the formulations used to form the
soiter material regions (e.g., second polishing elements 206)
in the advanced polishing pad 200.

Example 2—Storage Modulus E' and Percent
Recovery Control Example

Examples of different formulations that can be used to
adjust the storage modulus E' and percent recovery (%) of a

material used 1n an advanced polishing pad are illustrated
below 1n Table 5.

TABL.

L1l
N

Formulation
E'30
(MPa)

UTS
(MPa)

Composition
(wt %)

Material Composition
(See Table 3 Ref. Name)

Item
No.

1 01:02:M3:M1:M2
2 01:02:M3:M1:M2

40:5:10:10:35
25:5:10:50:10

347
1930

9.8 19
19.5 11

E'30/
E'90

48

E'30/E'90
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% EL @

113.6
9.4
05.3
2.4

Referring to items 1 and 2 in Table 5, one will note that
by adjusting the amounts of various components 1 a for-
mulation that an increase i1n storage moduli E' at lower
temperatures (e.g., 30° C.), an increase 1n the percent
recovery (%) and a reduction in the percent elongation at
break can be achieved. It 1s believed that the significant
change in the storage modulus E' at 30° C., the percent
recovery (%) and elongation at break properties are largely
due to the increase in the percentage of the chemical
components that have a high glass transition temperature
(T'g). One will note that a material that has a low glass
transition temperature, such resin precursor component M2
(e.g., Tg=5° C.), will tend to be softer at room temperature,

while a material that has a high glass transition temperature,
such as resin precursor component M1 (e.g., Tg=104° C.)
will tend to be harder and more brittle at temperatures near
room temperature. One will note 1n this example that while
the percentage of the multifunctional oligomer O1, which
has a functionality of two, 1s slightly decreased and percent-
age of the resin precursor component M1, which also has a
functionality of 2, 1s significantly increased, and the change
in the E'30:E'90 ratio 1s only modestly changed. Therefore,
it 1s believed that the crosslinking density 1s likely to be
similar for polymer materials formed by the compositions of
items 1 and 2 1n Table 5, which supported by the rather
modest change 1n the E'30:E'90 ratio of the two materials.
Therefore, 1n some embodiments, precursor components
that have a high glass transition temperature can be
increased 1n a formulation to form a material that has higher
storage modulus E', greater hardness, a greater percentage of
recovery during processing and a smaller elongation at
break. Similarly, 1n some embodiments, precursor compo-
nents that have a low glass transition temperature may be
increased 1n a formulation to form a material that has lower
storage modulus E', lower hardness and a greater elongation
at break.

In some embodiments, 1t 1s desirable to adjust the various
components 1 a droplet formulation used to form a low
storage modulus E' matenial, such that the amount of com-
ponents that have a glass transition temperature (Tg) of less
than or equal to 40° C. 1s greater than the amount of
components that have a glass transition temperature (Tg) of
greater than 40° C. Similarly, 1n some embodiments, 1t 1s
desirable to adjust the various components 1 a droplet
formulation used to form a high storage modulus E' matenal,
such that the amount of components that have a glass

%
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transition temperature (1'g) of greater than 40° C. 1s greater
than the amount of components that have a glass transition
temperature (1g) of less or equal to about 40° C. In some
embodiments, one or more resin precursor component mate-
rials i a droplet formulation used to form a low storage
modulus E' material in an advanced polishing pad have a
glass transition temperature (Tg) of less than or equal to 40°
C., such as less than or equal to 30° C., and one or more resin
precursor component materials used form a droplet formu-
lation used to form a higher storage modulus E' material 1n
the same advanced polishing pad have a glass transition
temperature (1g) of greater than or equal to 40° C.

Example 3—Contact Angle Control Example

Examples of different formulations that can be used to
adjust the contact angle of droplets, as discussed above 1n
conjunction with FIG. 3C, that are deposited on a surface 1s
illustrated below 1n Table 6. As noted above, 1t has been
found that by at least controlling: 1) the composition of the
components 1 a dispensed droplet during the additive
manufacturing process, 2) the amount of cure of the previ-
ously formed layer, 3) the amount of energy from the curing
device, 4) the composition of the surface that the dispensed
droplet 1s disposed on, and 5) the amount of the curing agent
(e.g., photoimitiator) 1n the droplet composition, the contact
angle o of the dispensed droplet can be controlled to
improve the control of the resolution of the features formed
by the additive manufacturing process described herein.

TABLE 6
Formulation
[tem Material Composition Composition
No. (See Table 3 Ref. Name) (wt %)
1 01:02:M1:M2:P1 22:1%8:30:30:<1

2 01:02:M1:M2:03:M4:P1:P2:Al
3 0O1:02:M1:M2:03:M4:P1:P2:Al

Referring to items 1, 2 and 3 1n Table 6, one will note that
by adjusting the amounts of the various components 1n a
formulation that the contact angle of a cured droplet or
“fixed” droplet on a surface that was formed with same, or
a stmilar, droplet formulation, can be adjusted. It 1s believed
that a significant change 1n the contact angle can be achieved
by adjusting the type and amount of the functional mono-
mers (e.g., items M1-M2 and M4) and photoinitiator com-
ponents (e.g., items P1, P2 and Al) in the dispensed drop-
let’s formulation.

The contact angle of a droplet formulation can be
improved through the use of: 1) through or bulk cure
photoinitiators (e.g., first type of photoinitiator) that ensure
that the mechanical properties of the at least partially cured
droplets can be achieved, 2) through the use of a second type
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tomitiator), and 3) through surface modifiers that tend to
make the surface of the dispensed droplet more or less polar.
The surface modifiers, for example, may be used such that

when a drop of a hydrophilic uncured resin 1s deposited on

a hydrophobic surface, the surface energy of the dispensed

droplet can be altered. This will result 1n a large contact

angle, and thereby ensure that the droplet does not “wet” the
surface. The prevention of wetting of the surface will allow
the subsequently deposited droplets to be built vertically
(e.g., Z-direction). When droplet after droplet are positioned

horizontally next to each other, 1t 1s desirable to prevent

horizontal wetting of the surface, so that the side walls of the
vertically formed {features will be formed wvertically as
opposed to a slopping shape. This improvement in contact
angle ensures that the side walls of the printed features are
vertical, or have gradual slopes when deposited one on top
of one another. This resolution 1s 1important 1n an advanced
polishing pad as the substrate contact area of the polishing
features needs to be maintained at a consistent contact area
throughout each polish process and/or as the pad polishing
material 1s removed by abrasion or pad conditioning
throughout the life of the pad.

Contact
E'30 Angle E'30/ Recovery
(MPa) (%) E'90 (%)
2078 30 9.4 85
1353 60 4 82
2632 90 4.4 79

oy

Example 4—Low Storage Modulus E' Tuning

Example

The selection, formulation and/or formation of materials
that have a desirable low storage modulus E' and desirable
E'30:E'90 ratio 1n various regions of the advanced polishing
pad can be an important factor in assuring that the static and
dynamic related mechanical properties of an advanced pol-
ishing pad can be adjusted to achieve desirable polishing
results when combined with higher storage modulus E'

of photo-initiator such as benzophenones and an amine material. Examples of formulations that contain different
synergist, which enable a fast surface cure by reducing the storage modul1 E' are 1llustrated below 1n Table 7.
TABLE 7
Material Composition Formulation
Item (See Table 3 Composition E'30 E'90
No. Ref. Name) (wt %) (MPa) (MPa) E'30/E'90
1 01:05:M3:M5:M6:P1  25:25:21.4:14.3:14.3:<1 8 20 4.4
2 Ol:M3:M2 45:27.5:27.5:<1 17.9 3.1 5.9

ability of O, 1n the environment to quench the free radicals
generated through UV exposure (e.g., second type of pho-

65

Referring to items 1 and 2 1n Table 7, as similarly noted
Example 1 above, one will note that by creating a

1n
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formulation that contains multifunctional oligomers that
have a functionality of two or greater and that have differing
glass transition temperatures (Tg) the storage moduli E' at
different temperatures can be adjusted, while the E'30:E'90

52

Example 5—Advanced Polishing Pad Properties
Example

As discussed above, the additive manufacturing processes

ratio of the formed material can remain constant. For 5 described herein enable specific placement of material com-

example, by adding a multifunctional oligomer O35, which
has a functionality of 3.4 to a formulation, the storage
modulus E'at 30° C. can be increased by nearly 500%, while
the E'30:E'90 ratio only dropped to about 73% of 1ts original
value. While not intending to be bound by theory, 1t 1s
believed that by increasing the degree of crosslinking within
a formed polymer material, due to the addition of multi-
functional oligomer O5 components to a droplet formula-
tion, has a significant effect on the storage modulus E' at
lower temperatures (e.g., 30° C.) when used 1n combination
with a resin precursor component that has a relatively low
glass transition temperature Tg. Therefore, 1n some embodi-
ments of the disclosure, resin precursor components that
have a functionality of two or greater are used 1n combina-
tion with resin precursor components that have a relatively
low glass transition temperature Tg to form softer material
regions (e.g., second polishing eclements 206) in the
advanced polishing pad 200. Also, in some embodiments of
the disclosure, precursor components and functional oli-
gomer that have a functionality of two or less are used 1n the
formulations used to form the softer material regions (e.g.,
second polishing elements 206) 1n the advanced polishing
pad 200.

In some embodiments, 1t 1s desirable to control the
properties of one or more of the polishing elements 204, 206
in the advanced polishing pad by controlling the relative
amounts of oligomers to monomers, or also referred to
herein as controlling the oligomer-monomer ratio, in a resin
precursor composition to control the amount of cross-linking,
within the cured maternial formed by the resin precursor
composition. By controlling the oligomer-monomer ratio 1n
a resin precursor composition, the properties (e.g., mechani-
cal; dynamic, polishing performance; etc.) of the formed
material can be further controlled. In some configurations,
monomers have a molecular weight of less than 600. In
some configurations, oligomers have a molecular weight of
600 or more, such as a molecular weight of >1000. In some
configurations, the oligomer-monomer ratio 1s defined as a
weight ratio of the oligomer component to the monomer
component, and 1s typically selected to achieve the desired
strength and modulus. In some implementations, the oli-
gomer-monomer ratio 1s from about 3:1 to about 1:19. In
some 1mplementations the oligomer-monomer ratio 1s 1n a
range from about 3:1 to about 1:3 (e.g., ratio 2:1 to 1:2 ratio
1:1 to 1:3; ratio 3:1 to 1:1). In one example, an oligomer-
monomer ratio of 1:1 can be used to achieve desirable
toughness properties such as elongation and storage modu-
lus E' while maintaining printability of the formed formu-
lation. In some embodiments, 1t 1s desirable to select an
oligomer-monomer ratio that 1s greater than a 1:1 ratio, and
thus contains a greater amount by weight of oligomers to
monomers. A resin precursor composition that has an oli-
gomer-monomer ratio that 1s greater than a 1:1 may be used
to form the tougher or more elastomeric material regions
(e.g., first polishing elements 204) in the advanced polishing
pad 200. In some embodiments, 1t 1s desirable to select an
Oligomer-monomer ratio that IS less than 1:1 ratio, and thus
contains a smaller amount by weight of oligomers to mono-
mers. A resin precursor composition that has an oligomer-
monomer ratio that IS less than 1:1 may be used to form less
clastomeric material regions (e.g., second polishing ele-
ments 206) in the advanced polishing pad 200.
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positions with desired properties 1n specific pad areas of the
advanced polishing pad, so that the properties of the depos-
ited compositions can be combined to create a polishing pad
that has properties that are an average of the properties, or
a “composite” of the properties, of the individual materials.
In one example, an advanced polishing pad may be formed
so that 1t has desirable average tan delta (tan o) properties
over a desired temperature range. Curves 921-923, curves
931-933 and curve 941 i FIG. 9A 1llustrate the average tan
delta properties as a function of temperature for differently
configured and/or loaded advanced polishing pads.

FIGS. 9B and 9C are side cross-sectional views of two
basic configurations of advanced polishing pads that were
used to generate the tan delta versus temperature data,
shown 1 FIG. 9A. The tan delta versus temperature data
found 1n curves 921-923 1n FIG. 9A were collected using a
DMA techmique that causes the advanced polishing pad
samples of the type shown in FIG. 9B to be cycled 1n a test
fixture that loads the cantilevered samples in the Z-direction.
The tan delta versus temperature data found in curves
931-933 1n FIG. 9A were collected using a DMA technique
that causes the advanced polishing pad samples of the type
shown 1n FIG. 9B to be cycled 1n a test fixture that loads the
cantilevered samples 1n the X-direction (e.g., parallel to the
formed layers). The tan delta versus temperature data found
in curve 941 i FIG. 9A was collected using a DMA
technique that causes the advanced polishing pad samples of
the type shown 1 FIG. 9C to be cycled 1n a test fixture that
loads a cantilevered test sample in the Z-direction. During
all of the tests, the advanced polishing pad samples were
heated from a temperature of —81° C. to a temperature of 95°
C. at a ramp rate of 5° C./minute.

FIG. 9B 1llustrates a portion of an advanced polishing pad
200 that contains discrete layers of a first polishing pad
material 901 and a second polishing pad material 902 that
are formed using an additive manufacturing process
described herein so that the formed layers are aligned
parallel to the X-Y plane and are stacked 1n the Z-direction.
The first polishing pad material 901 includes a low storage
modulus urethane acrylate material that has a low glass
transition temperature (ITg) and the second polishing pad
material 902 includes a high storage modulus urethane
acrylate material that has a high glass transition temperature
(Tg). The layers of the first polishing pad material 901 and
the second polishing pad material 902 each have a thickness
910 and 911 1n the Z-direction, respectively.

Referring back to FIG. 9A, the plotted data contains
separate and discrete tan delta peaks for the first polishing
pad material 901 and second polishing pad material 902, as
shown by curves 901C and 902C. The tan delta data for the
DMA testing performed on the advanced polishing pad
configuration shown in FIG. 9B are illustrated by curves
021-923 and curves 931-933, and the tan delta data for the
DMA testing performed on the advanced polishing pad
configuration shown in FIG. 9C 1s 1llustrated by curve 941.

Curves 921, 922 and 923 illustrate the effect of altering
the thickness and relative spacing of each of the layers
shown 1 FIG. 9B when loaded 1n the Z-direction during
testing. Curve 921 illustrates a plot of the tan delta as a
function of temperature for the advanced polishing pad
structure shown 1n FIG. 9B, which has a 50:50 composition
of the first polishing pad material 901 to the second polish-




US 11,724,362 B2

53

ing pad material 902, and thus has equivalent thicknesses
910 and 911 1n the Z-direction for each of the layers. The
thicknesses 910 and 911 1n the first sample were both about
0.16 mm (0.006 1nches). Curve 922 illustrates a plot of the
tan delta as a function of temperature for the same general
advanced polishing pad structure used to generate curve
921, except that the thicknesses 910 and 911 of the layers of
the first and second materials 901 and 902 were both twice
as large. Stmilarly, curve 923 illustrates a plot of the tan delta
as a function of temperature for the same advanced polishing
pad structure used to generate curve 921, except that thick-
nesses 910 and 911 of the layers of the first and second
polishing pad materials 901 and 902 were both three times
as large. One will note that curves 921, 922 and 923 all show
a blending or averaging of the properties found in the
individual materials 901 and 902, as seen by the two clear
peaks (e.g., peaks 925 and 926) and the drop 1n magmtude
of each of the peaks in the tan delta data. The two peaks
found 1 curves 921, 922 and 923 may be indicative of
molecular scale mixing, chain entanglement, and/or chemai-
cal bonding formed between the first polishing pad material
and the second polishing pad maternial. Thus, in some
embodiments, molecular scale mixing, chain entanglement,
and/or chemical bonding may be desirably formed between
a first material composition in the first polishing elements
and a second material composition 1n the second polishing
clements with an advanced polishing pad, which can help
improve a property of the formed advanced polishing pad
(e.g., tan delta, E'30:E'90 ratio, E'30, etc.).

Curves 931, 932 and 933 illustrate the eflect of altering
the thickness and relative spacing of each of the layers
shown 1n FIG. 9B when loaded 1n the X-direction during
testing. Curve 931 illustrates a plot of the tan delta as a
function of temperature for the advanced polishing pad
structure shown 1n FIG. 9B, which has a 50:50 composition
of the first polishing pad material 901 to the second polish-
ing pad material 902, and thus has equivalent widths 910 and
911 in the Z-direction for each of the layers. The widths 910
and 911 1n the first sample were both about 0.16 mm (0.006
inches). Curve 932 illustrates a plot of the tan delta as a
function of temperature for the same general advanced
polishing pad structure used to generate curve 931, except
that the widths 910 and 911 of the layers of the first and
second materials 901 and 902 were both twice as large.
Similarly, curve 933 illustrates a plot of the tan delta as a
function of temperature for the same advanced polishing pad
structure used to generate curve 931, except that widths 910
and 911 of the layers of the first and second polishing pad
materials 901 and 902 were three times as large. One will
note that curve 931 shows a blending or averaging of the
properties found in the individual materials 901 and 902, as
seen by the two clear peaks (e.g., peaks 935 and 936) and the
drop 1n magnitude of each of the peaks 1n the tan delta data.
While curves 932 and 933 show only a little blending or
averaging ol in the properties found in the individual mate-
rials 901 and 902, as seen by the lack of the two clear peaks.

FIG. 9C 1llustrates a portion of an advanced polishing pad
200 that contains a first polishing pad feature 915 and a base
layer 916 that were also formed using an additive manufac-
turing process so that the first polishing pad features 9135 are
supported by the base layer 916 and are aligned in the
Z-direction (e.g., items 204q in FIG. 2A). The base layer
916, 1n this configuration, includes a 50:50 “blend” (1.e., 1:1
material composition ratio) of fixed droplets of the first
polishing pad material 901 and fixed droplets of the second
polishing pad material 902. The thickness of the first pol-
ishing pad features 915 and the base layer 916 each have a
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width 918 and 919 that 1s aligned 1n the X-direction,
respectively. Curve 941 illustrates the eflect of forming a

compositionally “blended” polishing pad element on the
average or “‘composite” properties of an advanced polishing
pad 200. One will note that curve 941 shows a blending or
averaging of the properties found in the individual materials
901 and 902 found in the base layer 916, as seen by the two
clear peaks (e.g., peaks 945 and 946) and the drop 1n
magnitude of each of the peaks in the tan delta data. The two
peaks found 1n curve 941 may be indicative of molecular
scale mixing, chain entanglement, and/or chemical bonding,
formed between the first polishing pad material and the
second polishing pad material within the base layer 916.

The tan delta versus temperature data found 1n FIG. 9A
illustrates that the structural spacing or thickness of the
layers relative to the loading direction (e.g., curves 921 and
941) can have a dramatic effect on the tan delta property
averaging within an advanced polishing pad. Referring to
curves 931, 932 and 933 one will note that as the spacing
between the layers of the harder and softer materials
increase the more the properties of the harder materials tend
to dominate the properties of a formed polishing pad when
loaded 1n a direction that 1s parallel to the formed layer
orientation (e.g., X-direction). However, referring to curves
921, 922 and 923 one will note that the spacing between the
layers of the harder and soiter materials has little effect on
the properties of a formed advanced polishing pad that 1s
configured with the polishing features aligned 1n an orien-
tation that 1s perpendicular to the loading direction, since the
measured tan delta versus temperature does not vary much
as the thickness of the features increases. Therefore, by
controlling the structural orientation relative to the loading
direction and relative spacing of the “hard” and “soft™ layers
within an advanced polishing pad, one or more of the pad
properties (e.g., tan delta) can be adjusted to better control
the polishing process performance of the advanced polishing
pad.

Alternate Pad Structure Designs

FIG. 6 1s a schematic perspective sectional view of a
polishing pad 600 according to one embodiment of the
present disclosure. The polishing pad 600 includes a second
polishing element 602 that 1s a soit or low storage modulus
E' material similar to the second polishing elements 206 of
the 3D printed polishing pad. Similar to the second polishing
clements 206, the second polishing element 602 may be
formed from one or more elastomeric polymer compositions
that may include polyurethane and aliphatic segments. The
polishing pad 600 includes a plurality of surface features
606 cxtending from the second polishing element 602. Outer
surfaces 608 of the surface features 606 may be formed from
a soit or low E' material or a composition of soit or low
storage modulus E' matenials. In one embodiment, the outer
surface 608 of the surface features 606 may be formed from
the same material or the same composition of materials as
the second polishing element 602. The surface features 606
may also include a hard teature 604 embedded therein. The
hard or high storage modulus E' features 604 may be formed
from a material or a composition of materials that 1s harder
than the surface features 606. The hard or high storage
modulus E' features 604 may be formed from materials
similar to the material or materials of the hard or high
storage modulus E' features 204 of the advanced polishing
pad, including crosslinked polymer compositions and com-
positions containing aromatic groups. The embedded hard
teatures 604 alter the eflective hardness of the surface
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teatures 606, and thus provide a desired target pad hardness
tor polishing. The soit or low storage modulus E' polymeric
layer of the outer surface 608 can be used to reduce defects
and 1mprove planarization on the substrate being polished.
Alternatively, a soft or low storage modulus E' polymer
material may be printed on surfaces of other polishing pads
of the present disclosure to provide the same benefit.

FIG. 7 1s a schematic perspective sectional view of a
polishing pad 700 having one or more observation windows
710. The polishing pad 700 may have a pad body 702. The
pad body 702 may include one or more soit or low storage
modulus E' features 706 and a plurality of first polishing
clements 704 extending from the second polishing elements
706 for polishing. The second polishing elements 706 and
the first polishing elements 704 may be formed from mate-
rials similar to those for the second polishing element(s) 206
and first polishing elements 204 of the advanced polishing
pad 200. The first polishing elements 704 may be arranged
in any suitable patterns according to the present disclosure.

The one or more observation windows 710 may be
formed from a transparent material or compositions to allow
observation of the substrate being polished. The observation
windows 710 may be formed through, and/or about portions
of, the second polishing elements 706 or the first polishing
elements 704. In some embodiments, the observation win-
dow 710 may be formed from a material that 1s substantially
transparent, and thus 1s able to transmait light emitted from a
laser and/or white light source for use 1n a CMP optical
endpoint detection system. The optical clarity should be high
enough to provide at least about 25% (e.g., at least about
50%, at least about 80%, at least about 90%, at least about
95%) light transmission over the wavelength range of the
light beam used by the end point detection system’s optical
detector. Typical optical end point detection wavelength
ranges 1nclude the visible spectrum (e.g., from about 400 nm
to about 800 nm), the ultraviolet (UV) spectrum (e.g., from
about 300 nm to about 400 nm), and/or the infrared spectrum
(e.g., from about 800 nm to about 1350 nm). In one
embodiment, observation window 710 1s formed from a
material that has a transmittance of >35% at wavelengths
between 280-800 nm. In one embodiment, observation win-
dow 710 1s formed from a material that has a transmaittance
of >35% at wavelengths between 280-399 nm, and a trans-
mittance of >70% at wavelengths between 400-800 nm. In
some embodiments, the observation window 710 1s formed
from a material that has a low refractive index that 1s about
the same as that of the polishing slurry and has a high optical
clarnity to reduce retlections from the air/window/water 1nter-
face and mmprove transmission of the light through the
observation window 710 to and from the substrate.

In one embodiment, the observation window 710 may be
formed from a transparent printed material, including
polymethylmethacrylate (PMMA). In another embodiment,
the window 1s formed using transparent polymeric compo-
sitions that contain epoxide groups, wherein the composi-
tions may be cured using a cationic cure, and may provide
additional clarity and less shrinkage. In a similar embodi-
ment, the window may be formed from a mixture of com-
positions that undergo both cationic and free radical cure. In
another embodiment, the window may be produced by
another process, and may be mechanically iserted nto a
preformed opening in the polishing pad that 1s formed by a
3D process.

FIG. 8 1s a schematic perspective sectional view of a
polishing pad 800 including a backing layer 806. The
polishing pad 600 1ncludes a second polishing element 804
and a plurality of first polishing elements 802 protruding

10

15

20

25

30

35

40

45

50

55

60

65

56

from the second polishing element 804. The polishing pad
800 may be similar to any of the polishing pads 200, 600,
700 described above, with the exception that the backing
layer 806 attached to the second polishing element 804. The
backing layer 806 may provide a desired compressibility to
the polishing pad 800. The backing layer 806 may also be
used to alter the overall mechanical properties of the pol-
ishing pad 800 to achieve a desired hardness and/or have
desired storage modulus E' and loss modulus E". The
backing layer 806 may have a hardness value of less than 80
Shore A scale. In one embodiment, the backing layer 806
may be formed from an open-cell or a closed-cell foam, such
as polyurethane or polysiloxane (silicone), so that under
pressure the cells collapse and the backing layer 806 com-
presses. In another embodiment, the backing layer 806 may
be formed from natural rubber, EPDM rubber (ethylene
propylene diene monomer), mitrile, or neoprene (polychlo-
roprene).

In one embodiment, the materials of the first polishing
clement 204 and second polishing element 206 are chemi-
cally resistant to attack from the polishing slurry. In another
embodiment, the materials of first polishing element 204 and
second polishing element 206 are hydrophilic. The hydro-
philic and hydrophobic nature of the polishing pad may be
adjusted by judicious choice of formulation chemistries by
those skilled 1n the art.

Although polishing pads described herein are circular 1n
shape, polishing particles according to the present disclosure
may 1nclude any suitable shape, such as polishing webs
configured to move linearly during polishing.

Compared with traditional polishing pads, the advanced
polishing pad disclosed herein has several manufacturing
and cost related advantages. For example, traditional pol-
ishing pads generally include a machined and textured
polishing surface that 1s supported by a subpad formed from
a solt or low storage modulus E' material, such as a foam, to
obtain target hardness and/or a storage modulus E' for
polishing substrates. However, by selecting materials having
various mechanical properties and adjusting the dimensions
and arrangement of the diflerent features formed on an
advanced polishing pad the same properties can be achieved
in the pad body of the advanced polishing pad without the
need for a subpad. Therefore, the advanced polishing pad
reduces a user’s cost of ownership by eliminating the need
for a subpad.

The increased complexity of polishing pad designs that
will be required to polish the next generation IC devices
greatly increases the manufacturing complexity of these
polishing pads. There are non-additive manufacturing type
processes and/or subtractive process which may be
employed to manufacture some aspects of these complex
pad designs. These processes may include multi-material
injection molding and/or sequential step UV casting to form
maternal layers from single discrete materials. These form-
ing steps are then typically followed by machining and post
processing using milling, grinding or laser ablation opera-
tions or other subtractive techniques.

While the foregoing 1s directed to embodiments of the
present disclosure, other and further embodiments of the
disclosure may be devised without departing from the basic
scope thereof, and the scope thereof 1s determined by the
claims that follow.

The mvention claimed 1s:

1. A polishing article having a polishing surface that 1s
configured to polish a material surface of a substrate, the
polishing article comprising;:
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a base material layer forming a supporting surface of the
polishing article, wherein the base material layer is
formed from a plurality sequentially deposited and
partially cured first layers; and
a plurality of individual polishing elements disposed on
and extending upwardly from the base material layer 1n
one or more spiral shaped arrangements to collectively
define one or more channels 1n the polishing surface,
wherein:
adjacent ones of the plurality of individual polishing
clements within each of the one or more spiral
shaped arrangements are spaced apart to define a
corresponding plurality of gaps disposed there
between,

individual ones of the plurality of gaps are not radially
aligned with other ones of the plurality of gaps in
adjacent portions of the one or more spiral shaped
arrangements,

the plurality of polishing elements are formed from a
plurality of sequentially deposited and partially
cured second layers,

respective precursor compositions used to form the
base material layer and the plurality of individual
polishing elements are copolymerized with one
another at interfacial boundary regions there
between, and

a glass transition temperature of the base material layer
1s less than a glass transition temperature of the
plurality of individual polishing elements.

2. The polishing article of claim 1, wherein the plurality
of gaps form a tortuous path across a radius of the polishing
surface.

3. The polishung article of claim 1, wherein the plurality
of first layers are formed of at least first droplets of a
corresponding first precursor composition, the plurality of
second layers are formed of the first droplets and of second
droplets of a corresponding second precursor composition,
and the first precursor composition 1s different from the
second precursor composition.

4. The polishing article of claim 3, wherein the plurality
of first layers are further formed of second droplets of the
corresponding second precursor composition and a ratio of
the first and second droplets used to form the first layers 1s
different from a ratio of the first and second droplets used to
form the second layers.

5. The polishing article of claim 3, wherein the first
precursor composition comprises components having a glass
transition temperature of less than 40° C. and the second
precursor composition comprises components having a glass
transition temperature ol greater than or equal to 40° C.

6. The polishing article of claim 3, wherein the first
precursor composition comprises one or more functional
polymers having a glass transition temperature of less 40° C.
and one or more multifunctional acrylate oligomers.

7. The polishing article of claim 6, wherein a ratio of the
second droplets to the first droplets used to form the plurality
of second layers 1s more than one.

8. The polishing article of claim 3, wherein one or both of
the first and second precursor compositions comprises a
multifunctional acrylate oligomer and an acrylate monomer.

9. The polishing article of claim 8, wherein the acrylate
monomer has a functionality of two or more.

10. A polishing article, comprising;:

a supporting portion formed of at least a plurality of
individual droplets of a first precursor composition
dispensed and at least partially cured 1n a layer-by-layer
additive manufacturing process; and

10

15

20

25

30

35

40

45

50

55

60

65

58

a plurality of individual polishing elements extending
upwardly from the supporting portion to form a pol-
1shing surface, wherein:
the plurality of individual polishing elements are
formed 1n the layer-by-layer additive manufacturing
process using partially overlapping patterns of a
plurality of individual droplets of the first precursor
composition and a plurality of individual droplets of
a second precursor composition,

the second precursor composition 1s different from the
first precursor composition,

the respective precursor compositions used to form the
supporting portion and the plurality of individual
polishing elements are copolymerized with one
another at interfacial boundary regions between the
supporting portion and the plurality of individual
polishing elements,

the plurality of individual polishing elements are dis-
posed 1n one or more spiral shaped arrangements to
collectively define one or more channels in the
polishing surface,

adjacent ones of the plurality of individual polishing
clements within each of the one or more spiral
shaped arrangements are spaced apart to define a
corresponding plurality of gaps disposed there
between, and

the plurality of gaps disposed between adjacent ones of
the plurality of individual polishing elements are not
radially aligned between adjacent portions of the one
or more spiral shaped arrangements.

11. The polishing article of claim 10, wherein

the supporting portion is further formed of a plurality of
individual droplets of the second precursor composi-
tion, and

a ratio of an amount of the first precursor composition to
an amount ol the second precursor composition 1n
forming the supporting portion 1s diflerent from a ratio
of an amount of the first precursor composition to an
amount of the second precursor composition in forming
the plurality of individual polishing elements.

12. The polishing article of claim 10, wherein a glass
transition temperature of the support portion 1s less than a
glass transition temperature of the plurality of individual
polishing elements.

13. The polishing article of claim 10, wherein the plurality
of gaps form a tortuous path across a radius of the polishing
surtface.

14. The polishing article of claim 10, wherein the first
precursor composition comprises components having a glass
transition temperature of less than 40° C. and the second
precursor composition comprises components having a glass
transition temperature of greater than or equal to 40° C.

15. The polishing article of claim 10, wherein the first
precursor composition comprises one or more functional
polymers having a glass transition temperature of less 40° C.
and one or more multifunctional acrylate oligomers.

16. The polishing article of claim 10, wherein one or both
of the first and second precursor compositions comprises a
multifunctional acrylate oligomer and an acrylate monomer.

17. A polishing article having a polishing surface that 1s
configured to polish a material surface of a substrate, the
polishing article comprising;:

a base material layer forming a supporting portion of the
polishing article, wherein the base material layer 1s
formed from a plurality of sequentially deposited and
partially cured first layers of at least first droplets of a
corresponding first precursor composition; and
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a plurality of individual polishing elements disposed on
and extending upwardly from the supporting portion of
the base material layer to collectively therewith define
one or more channels 1n the polishing surface, wherein:
the plurality of individual polishing eclements are
formed from a plurality of sequentially deposited and
partially cured second layers of first droplets of the
first precursor composition and of second droplets of
a corresponding second precursor composition,

the plurality of polishing elements are arranged end-
to-end to form one or more spiral shaped arrange-
ments,

the ends of the individual ones of the plurality of
polishing elements are spaced apart from one another
to define a corresponding plurality of gaps there
between, and wherein individual ones of the plurality
of gaps are not radially aligned with other ones of the
plurality of gaps 1n adjacent portions of the one or
more spiral shaped arrangements,

the first precursor composition 1s different from the
second precursor composition, and

the precursor compositions used to form the respective
first and second layers are copolymerized with one
another at interfacial boundary regions between the
base material layer and the plurality of individual
polishing elements.

18. The polishing article of claim 17, wherein the plurality

of sequentially deposited and partially cured first layers are
turther formed of second droplets of the corresponding
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second precursor composition and a ratio of the first and
second droplets used to form the first layers 1s different from
a ratio ol the first and second droplets used to form the
second layers.

19. The polishing article of claim 17, wherein the one or
more of the channels form one or more spiral shapes in the
polishing surface.

20. The polishing article of claim 17, wherein the plurality
of gaps form a tortuous path across a radius of the polishing

surtace.

21. The polishing article of claim 17, wherein the partially
cured surfaces of the first and second layers comprise
unbonded acrylic groups that form chemical bonds with a
subsequently deposited and partially cured first or second
layer formed thereon.

22. The polishing article of claim 17, wherein the first
precursor composition comprises components having a glass
transition temperature of less than 40° C. and the second
precursor composition comprises components having a glass
transition temperature of greater than or equal to 40° C.

23. The polishing article of claim 17, wherein the first
precursor composition comprises one or more functional
polymers having a glass transition temperature of less 40° C.
and one or more multifunctional acrylate oligomers.

24. The polishing article of claim 17, wherein one or both
of the first and second precursor compositions comprises a
multifunctional acrylate oligomer and an acrylate monomer.
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